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REAL-GAS EFFECTS A S S O C I A T E D  W I T H  O N E - D I M E N S I O N A L  
I T R A N S O N I C  FLOW OF C R Y O G E N I C  N I T R O G E N  
J e r r y  B.  Adcock 
L a n g l e y  Research C e n t e r  
S U M M A R Y  
The c r y o g e n i c  w i n d - t u n n e l  c o n c e p t  t h a t  has  b e e n  d e v e l o p e d  a t  
t h e  L a n g l e y  R e s e a r c h  C e n t e r  u s e s  n i t r o g e n  a s  t h e  t e s t  g a s .  F o r  
t h e  r a n g e  o f  t e m p e r a t u r e s  a n d  p r e s s u r e s  a n t i c i p a t e d  f o r  t u n n e l s  of 
t h i s  t y p e ,  a s t u d y  h a s  b e e n  made t o  d e t e r m i n e  t h e  r e a l - g a s  e f f e c t s  
on  o n e - d i m e n s i o n a l  i s e n t r o p i c  a n d  n o r m a l - s h o c k  f l o w s .  Real-gas 
c a l c u l a t i o n s  of  t h e s e  f l o w s  h a v e  b e e n  made, a n d  t h e  s o l u t i o n s  were 
compared  w i t h  t h e  i d e a l  d i a t o m i c  gas s o l u t i o n s .  T h i s  r e p o r t  p r e -  
s e n t s  t h e  d e t a i l s  of  t h e  c a l c u l a t i o n s  a n d  t h e  t a b u l a t e d  r e s u l t s  
f o r  s t a g n a t i o n  t e m p e r a t u r e s  of 300 K a n d  be low w i t h  s t a g n a t i o n  
p r e s s u r e s  from 1 t o  30 a t m o s p h e r e s .  A d e t a i l e d  a n a l y s i s  i s  p r e -  
s e n t e d  f o r  a r a n g e  o f  c o n d i t i o n s  e n c o m p a s s i n g  t h o s e  u n d e r  c o n -  
s i d e r a t i o n  i n  t r a n s o n i c  c r y o g e n i c  w i n d - t u n n e l  d e s i g n s .  T h i s  a n a l -  
y s i s ,  w h i c h  i s  f o r  s t a g n a t i o n  p r e s s u r e s  u p  t o  10 atm, s h o w s  t h a t  
t h e  real-gas  i m p e r f e c t i o n s  o f  n i t r o g e n  c a u s e  d e v i a t i o n s  of 1 p e r -  
c e n t  o r  l e s s  i n  t h e  v a r i o u s  i s e n t r o p i c  a n d  n o r m a l - s h o c k  param-  
e te rs .  I f  t h e  maximum d e v i a t i o n s  i n  t h e  i s e n t r o p i c  a n d  n o r m a l -  
s h o c k  p a r a m e t e r s  a r e  i n d i c a t i v e  o f  t h e  e r rors  i n  s i m u l a t i o n  of  
two- a n d  t h r e e - d i m e n s i o n a l  i n v i s c i d  f l o w s  i n  a c r y o g e n i c  t u n n e l ,  
t h e n  t h e  e r r o r s  wou ld  b e  i n s i g n i f i c a n t  f o r  most w i n d - t u n n e l  
i n v e s t i g a t i o n s .  
I N T R O D U C T I O N  
I n  r e s p o n s e  t o  t h e  n e e d  f o r  new t r a n s o n i c  w i n d  t u n n e l s  which  
are c a p a b l e  of more n e a r l y  m a t c h i n g  t h e  f l i g h t  R e y n o l d s  n u m b e r s  o f  
c u r r e n t  a n d  f u t u r e  a i r  v e h i c l e s ,  t h e  L a n g l e y  Research C e n t e r  h a s  
been  s t u d y i n g  a n d  d e v e l o p i n g  t h e  c r y o g e n i c  w i n d - t u n n e l  c o n c e p t .  
R e f e r e n c e s  1 t o  4 d e s c r i b e  t h e  c r y o g e n i c  t u n n e l  c o n c e p t  a n d  t h e  
a d v a n t a g e s  of  s u c h  a t u n n e l .  As e x p l a i n e d  i n  r e f e r e n c e  2 ,  t h e  
method of c o o l i n g  d e v e l o p e d  a t  t h e  L a n g l e y  Research C e n t e r  c o n -  
sists of s p r a y i n g  l i q u i d  n i t r o g e n  d i r e c t l y  i n t o  t h e  t u n n e l  c i r -  
c u i t .  Wi th  t h i s  p r o c e d u r e ,  t h e  t e s t  g a s  i s  d r y  n i t r o g e n ,  a n d  
t h e  t u n n e l  c a n  b e  o p e r a t e d  a t  c o n s t a n t  t e m p e r a t u r e s  w i t h i n  t h e  
r a n g e  from n e a r  300 K down t o  s a t u r a t i o n  ( a p p r o x i m a t e l y  80 K ) .  
B e c a u s e  of v a r i o u s  p r a c t i c a l  c o n s i d e r a t i o n s  s u c h  as t u n n e l  d r i v e  
power  a n d  model s t r e n g t h  l i m i t a t i o n s ,  a maximum t u n n e l  o p e r a t i n g  
p r e s s u r e  o f  l e s s  t h a n  10 atm ( 1  atm = 101.32  k P a )  i s  a n t i c i p a t e d .  
Even f o r  t h i s  l i m i t e d  p r e s s u r e  r a n g e ,  c r y o g e n i c  n i t r o g e n  d o e s  n o t  
h a v e  t h e  c h a r a c t e r i s t i c s  o f  a n  i d e a l  d i a t o m i c  g a s ;  c r y o g e n i c  
n i t r o g e n  has b o t h  thermal i m p e r f e c t i o n s  ( c o m p r e s s i b i l i t y  f a c t o r  
n o t  e q u a l  t o  1 ,  f i g .  l ( a ) )  a n d  c a l o r i c  i m p e r f e c t i o n s  ( s p e c i f i c  
heats  n o t  c o n s t a n t ,  f i g .  l ( b ) ) .  
d i m e n s i o n a l  f l o w s  a re  a f f e c t e d  by t h e s e  real-gas  i m p e r f e c t i o n s .  
Selected r e s u l t s  c o v e r i n g  t h e  o p e r a t i n g  r a n g e  of  t h e  L a n g l e y  
1 / 3 - m e t e r  t r a n s o n i c  c r y o g e n i c  t u n n e l ,  p u b l i s h e d  i n  r e f e r e n c e s  1 
t o  3, i n d i c a t e  t h a t  c r y o g e n i c  n i t r o g e n  i s  a v a l i d  t e s t  g a s  f o r  
these c o n d i t i o n s .  T h i s  p a p e r  p r e s e n t s  t h e  p r o c e d u r e s  u s e d  a n d  
e x t e n d s  t h e  r e s u l t s  t o  c o v e r  a w i d e r  r a n g e  of  c o n d i t i o n s .  
A s t u d y  was the re fo re  made t o  d e t e r m i n e  t o  what  e x t e n t  o n e -  
S i n c e  a i r  a t  t h e  t e m p e r a t u r e s  a n d  p r e s s u r e s  o f  t r a n s o n i c  
f l i g h t  h a s  e s s e n t i a l l y  t h e  c h a r a c t e r i s t i c s  of  a n  i d e a l  d i a t o m i c  
gas ,  t h e  a p p r o a c h  u s e d  here  compares t h e  real-gas i s e n t r o p i c  a n d  
n o r m a l - s h o c k  f l o w  s o l u t i o n s  f o r  n i t r o g e n  w i t h  t h e  i d e a l  . d i a t o m i c  
gas s o l u t i o n s .  The real-gas s o l u t i o n s  a r e  o b t a i n e d  by  u s i n g  t h e  
t h e r m o d y n a m i c  p r o p e r t i e s  f o r  n i t r o g e n  as  g i v e n  by J a c o b s e n  
( r e f .  5). 
2 
S o l u t i o n s  c o v e r i n g  t r a n s o n i c  Mach numbers  a n d  a r a n g e  of  
s t a g n a t i o n  t e m p e r a t u r e s  from 300 K t o  s a t u r a t i o n  a n d  s t a g n a t i o n  
p r e s s u r e s  from 1 t o  30 atm a re  p r e s e n t e d  i n  t a b u l a r  form. The 
p r e s s u r e  r a n g e  i s  e x t e n d e d  beyond t h a t  which is  s e t  by modal a n d  
model s u p p o r t  s t r e n g t h  c o n s i d e r a t i o n s .  F i g u r e s  a re  p r e s e n t e d  f o r  
a p r e s s u r e  r a n g e  from 1 t o  10 atm t o  i l l u s t r a t e  t h e  d e v i a t i o n s  
from t h e  i d e a l - g a s  s o l u t i o n s  as  a f u n c t i o n  of  t h e  v a r i o u s  t u n n e l  














s p e e d  o f  s o u n d  ( e q u a l  t o  W i n  t a b l e  1) 
P - Pa3 
9, 
p r e s s u r e  c o e f f i c i e n t ,  
l e n g t h  of a i r f o i l  o r  stream t u b e  
s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
s p e c i f i c  h e a t  a t  c o n s t a n t  volume 
e n t h a l p y  
Mach number 
p r e s s u r e  
dynamic  p r e s s u r e  
R e y n o l d s  number p e r  u n i t  l e n g t h  
3 
gas c o n s t a n t  f o r  n i t r o g e n ,  296 .791  m2/sec2-K o r  
2 .92909 x -10-3 atm-m3/kg-K 
e n t r o p y  
t e m p e r a t u r e  
i n t e r n a l  e n e r g y  
f l o w  v e l o c i t y  
s p e c i f i c  v o l u m e ,  1 / P 
l i n e a r  d i m e n s i o n  a l o n g  a i r f o i l  c h o r d  o r  a l o n g  stream- 
t u b e  a x i s  o f  symmetry  
2 c o m p r e s s i b i l i t y  f a c t o r ,  pv/RT 
a i s e n t r o p i c  e x p a n s i o n  c o e f f i c i e n t ,  p = P a ( C o n s t a n t )  
P d e n s i t y  (equal  t o  D i n  t a b l e s  I a n d  11) 
S u b s c r i p t s  : 
based  on c o n d i t i o n s  a t  M = 1 .0  
a ,  b s i g n i f i e s  i t e r a t i v e  v a l u e s  
L l o c a l  Mach n u m b e r  
N n i t r o g e n  
4 
f ree  stream 
s t a g n a t i o n  c o n d i t i o n s  
c o n d i t i o n s  u p s t r e a m  of  s h o c k  
c o n d i t i o n s  d o w n s t r e a m  o f  shock 
I S E N T R O P I C  FLOW 
E x a c t  real-gas s o l u t i o n s  c a n  be o b t a i n e d  f o r  o n e - d i m e n s i o n a l  
i s e n t r o p i c  f l o w  because o f  t h e  r e l a t i v e  s i m p l i c i t y  o f  t h i s  flow. 
The more complicated two- and t h r e e - d i m e n s i o n a l  flows t h a t  o c c u r  
i n  w i n d - t u n n e l  tests p o s e  a h i g h e r  o r d e r  o f  d i f f i c u l t y  f o r  e x a c t  
real-gas ana lyses .  C o m p a r i s o n s  o f  t h e  real-gas s o l u t i o n s  f o r  o n e -  
d i m e n s i o n a l  i s e n t r o p i c  f l o w s  f o r  n i t r o g e n  w i t h  t h o s e  s o l u t i o n s  f o r  
t h e  i d e a l  d i a t o m i c  gas  c a n  g i v e  a n  i n d i c a t i o n  of t h e  o r d e r  of mag- 
n i t u d e  o f  t h e  real-gas e f f e c t s  f o r  t h e  more complicated flows. 
The a p p l i c a b l e  e n e r g y  e q u a t i o n  f o r  i s e n t r o p i c  f low i s  
H + $ : H t  2 
Ideal-Gas S o l u t i o n s  
An i dea l  gas ,  as d e f i n e d  he re ,  i s  o n e  t h a t  i s  b o t h  t h e r m a l l y  
and  c a l o r i c a l l y  pe r f ec t .  I d e a l  gases h a v e  c e r t a i n  charac te r i s t ics  
t h a t  make p o s s i b l e  t h e  t r a n s f o r m a t i o n  o f  e q u a t i o n  ( 1 )  i n t o  more 
u s a b l e  e q u a t i o n s  which  e x p r e s s  p ,  T ,  a n d  i n  terms of t h e i r  ' 
c o r r e s p o n d i n g  s t a g n a t i o n  v a l u e ,  Mach number ,  a n d  s p e c i f i c  heat  
r a t i o .  These c h a r a c t e r i s t i c s ,  which  c a n  be f o u n d  i n  most g a s  
d y n a m i c s  t e x t b o o k s  ( s e e ,  f o r  e x a m p l e ,  r e f .  6 ) ,  a re  s t a t ed  b r i e f l y  
as fo l lows:  
5 
For  t h e r m a l l y  pe r f ec t  gases, 
( 1 )  t h e  t h e r m a l  e q u a t i o n  of  s t a t e  i s  pv  = 9 T ;  
( 2 )  t h e  c a l o r i c  e q u a t i o n  of s t a t e  i s  U = U ( T )  r a ther  t h a n  
( 3 )  t h e  s p e c i f i c  heats  a re  a f u n c t i o n  o f  t e m p e r a t u r e  o n l y  
U = U ( p , T )  o r  H = H(T) rather t h a n  H = H ( p , T ) ;  
(cp = dH and cv = 8)  a n d  are  re la ted  by t h e  e q u a t i o n  
c - cv 4. P 
F o r  c a l o r i c a l l y  pe r f ec t  gases,  t h e  s p e c i f i c  h e a t s  c a n d  
P 
cv are  i n d e p e n d e n t  o f  b o t h  t e m p e r a t u r e  a n d  p r e s s u r e  a n d ,  there-  
f o r e ,  a re  c o n s t a n t .  F o r  a gas t o  be  c a l o r i c a l l y  p e r f e c t ,  i t  
must a l s o  be t h e r m a l l y  pe r f ec t .  
m e n t a l  e q u a t i o n s  f o r  i s e n t r o p i c  f l o w  of a n  i d e a l  gas a re  
As a r e s u l t  of these ideal-gas  c h a r a c t e r i s t i c s ,  t h e  f u n d a -  
E = '  [l + 0.5(Y - 1 ) M 2 ] - l  
Tt 
- 
= [1 + 0 . 5 ( ~  - l ) M z ] y - l  
P t  
= + 0 . 5 ( ~  - 1 )M2] 
P t  
( 3 )  
( 4 )  
6 
The i s e n t r o p i c  f l o w  p a r a m e t e r s  ( e q s .  ( 2 )  t o  ( 5 ) )  f o r  i d e a l  
gases a re  a f u n c t i o n  of Mach number a n d  s p e c i f i c  hea t  r a t i o  y 
o n l y .  The v a l u e  of d e p e n d s  on  t h e  number of  d e g r e e s  of f ree-  
dom assoc ia ted  w i t h  t h e  m o l e c u l e .  As m e n t i o n e d  e a r l i e r ,  a i r  a t  
t he  p r e s s u r e s  a n d  t e m p e r a t u r e s  o f  a t m o s p h e r i c  f l i g h t  h a s  t h e  char- 
a c t e r i s t i c s  of a n  i d e a l  d i a t o m i c  gas f o r  w h i c h  t h e  v a l u e  of y i s  
1 .4 .  Therefore ,  s o l u t i o n s  t o  e q u a t i o n s  ( 2 )  t o  ( 5 )  f o r  a y of  
1 .4  are compared  w i t h  t h e  r e a l - g a s  s o l u t i o n s  f o r  c r y o g e n i c  
n i t r o g e n .  
Real-Gas S o l u t i o n s  
R e a l - g a s  s o l u t i o n s  t o  t h e  e n e r g y  e q u a t i o n  c a n n o t  b e  e x p r e s s e d  
i n  s u c h  s i m p l i f i e d  f o r m s  b e c a u s e  t h e  thermal  e q u a t i o n  of S t a t e  
p = P ( ~ , T >  t y p i c a l l y  h a s  many terms on  t h e  r i g h t - h a n d  s i d e  of  t h e  
e q u a t i o n  i n  o r d e r  t o  d e s c r i b e  a d e q u a t e l y  t h e  v a r i a t i o n  o f  p r e s s u r e  
w i t h  d e n s i t y  a n d  t e m p e r a t u r e  o v e r  a w i d e  r a n g e  o f  t h e s e  v a r i a b l e s .  
B e c a u s e  of t h i s  c o m p l i c a t i o n ,  t h e  t h e r m o d y n a m i c  p r o p e r t i e s  s u c h  as  
i n t e r n a l  e n e r g y ,  e n t h a l p y ,  e n t r o p y ,  a n d  t h e  s p e c i f i c  h e a t s  a r e  
a l s o  compl ica ted  f u n c t i o n s  o f  d e n s i t y  a n d  t e m p e r a t u r e .  T h e r e f o r e ,  
s o l u t i o n s  t o  t h e  a d i a b a t i c  e n e r g y  e q u a t i o n  a r e  made by u s i n g  a 
h i g h - s p e e d  d i g i t a l  c o m p u t e r  a n d  i t e r a t i v e  t e c h n i q u e s .  
n i t r o g e n  ( r e f .  5 )  i s  u s e d .  T h i s  e q u a t i o n  was d e v e l o p e d  w i t h  a 
s i m u l t a n e o u s  f i t t i n g  p r o c e d u r e  where  p - p - T d a t a ,  s p e c i f i c  hea t  
data c v ,  and  t h e  c r i t e r i a  f o r  p h a s e  e q u i l i b r i u m  b e t w e e n  s a t u r a t e d  
l i q u i d  a n d  s a tu ra t ed  v a p o r  p o i n t s  were u s e d .  The s p e c i f i c  heat 
data were u s e d  p r i m a r i l y  t o  g i v e  a n  e q u a t i o n  o f  s t a t e  which 
e x h i b i t e d  t h e  p r o p e r  b e h a v i o r  o f  t h e  f i rs t  a n d  s e c o n d  d e r i v a t i v e s  
so  t h a t  t h e  c a l c u l a t e d  p r o p e r t i e s  u s i n g  t hese  d e r i v a t i v e s  would  b e  
a c c u r a t e .  The d e n s i t y  p r e d i c t i o n  a c c u r a c y  of  t h i s  e q u a t i o n  o f  
s t a t e  i s  est imated t o  be  w i t h i n  0 . 2  p e r c e n t  f o r  t h e  t e m p e r a t u r e  
and  p r e s s u r e  r a n g e s  c o v e r e d  i n  t h i s  r e p o r t .  R e f e r e n c e  5 a l s o  
i n c l u d e s  e q u a t i o n s  f o r  t h e  c a l c u l a t i o n  o f  a l l  t h e  t h e r m o d y n a m i c  
p r o p e r t i e s  of n i t r o g e n  a l o n g  w i t h  d e t a i l s  ( r e f .  5 ,  a p p e n d i x  D >  of  
F o r  t h e  p r e s e n t  a n a l y s i s ,  J a c o b s e n ' s  e q u a t i o n  o f  s t a t e  f o r  
7 
t h e  f u n c t i o n s  f o r  e v a l u a t i n g  t h e  i n t e g r a l s  a n d  d e r i v a t i v e s  which  
a p p e a r  i n  t h e  e q u a t i o n s .  
B u r e a u  o f  S t a n d a r d s  c o m p u t e r  p r o g r a m  which  was b a s e d  on  J a c o b s e n ' s  
work. E x t e n s i o n s  t o  t h i s  p r o g r a m  p e r m i t t e d  t h e  a d i a b a t i c  e n e r g y  
e q u a t i o n  t o  be  s o l v e d  f o r  t h e  r e a l  g a s ,  n i t r o g e n .  The f l o w  c h a r t  
g i v e n  i n  f i g u r e  2 o u t l i n e s  t h e  s o l u t i o n  p r o c e d u r e .  
I n  t h e  p r e s e n t  a n a l y s i s ,  e x t e n s i v e  u s e  i s  made of  a N a t i o n a l  
I s e n t r o p i c  F low R e s u l t s  
R e a l - g a s  i s e n t r o p i c  f l o w  s o l u t i o n s  of  t h e  t y p e  j u s t  d e s c r i b e d  
h a v e  been  o b t a i n e d  f o r  e x p a n s i o n s  u p  t o  a Mach number o f  2 .0 ;  t h i s  
l e v e l  i s  a b o u t  t h e  maximum l o c a l  Mach number e n c o u n t e r e d  i n  t r a n -  
s o n i c  t e s t i n g .  These s o l u t i o n s  c o v e r  s t a g n a t i o n  p r e s s u r e s  from 
1 t o  30 atm a n d  s t a g n a t i o n  t e m p e r a t u r e s  f r o m  90 t o  300 K .  The 
p r e s s u r e  r a n g e  i s  e x t e n d e d  we l l  beyond t h a t  a n t i c i p a t e d  f o r  a 
t r a n s o n i c  c r y o g e n i c  wind t u n n e l  s o  t h a t  f l o w  s o l u t i o n s  a t  c o n s t a n t  
u n i t  R e y n o l d s  numbers  c o u l d  b e  compared  o v e r  a w i d e  r a n g e  of  tem- 
p e r a t u r e s .  These f l o w  s o l u t i o n s  a r e  p r e s e n t e d  i n  t a b l e  I .  The 
t a b l e  key  p r e s e n t e d  p r i o r  t o  t h e  t a b l e  g i v e s  t h e  s u b d i v i s i o n s  a n d  
t h e  parameters t h a t  a r e  l i s t e d .  
The i s e n t r o p i c  f l o w  s o l u t i o n s  a r e  a n a l y z e d  i n  t h e  f o l l o w i n g  
manner .  F i r s t ,  t h e  d e v i a t i o n  f r o m  t h e  i d e a l  d i a t o m i c  g a s  v a l u e s  
i s  p r e s e n t e d  f o r  a r a n g e  o f  w i n d - t u n n e l  o p e r a t i n g  c o n d i t i o n s  
i n c l u d i n g  c o n d i t i o n s  o f  c o n s t a n t  u n i t  R e y n o l d s  number .  S e c o n d ,  
t h e  i m p l i c a t i o n s  o f  t h e  d e v i a t i o n s  w i t h  r e g a r d  t o  t h e  a d e q u a c y  o f  
c r y o g e n i c  n i t r o g e n  as  a t r a n s o n i c  t e s t  g a s  a r e  i l l u s t r a t e d  by 
e x p a n d i n g  n i t r o g e n  a n a l y t i c a l l y  t h r o u g h  a c o n t o u r e d  stream t u b e  a t  
v a r i o u s  s t a g n a t i o n  c o n d i t i o n s .  And, f i n a l l y ,  t h e  i s e n t r o p i c  
e x p a n s i o n  c o e f f i c i e n t s  f o r  n i t r o g e n  a r e  compared  w i t h  t h e  s p e c i f i c  
hea t  r a t i o s  f o r  t h e  same c o n d i t i o n s .  
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D e v i a t i o n  of I s e n t r o p i c  F low Parameters 
The d e v i a t i o n  of e a c h  of  t h e  i s e n t r o p i c  f l ow p a r a m e t e r s  f o r  
n i t r o g e n  from t h e  c o r r e s p o n d i n g  i d e a l - g a s  v a l u e  i s  i l l u s t r a t e d  i n  
f o u r  summary f i g u r e s .  The s t a g n a t i o n - p r e s s u r e  r a n g e  ( 1  t o  10 atm) 
c o v e r s  t h e  e x t r e m e s  i n  p r e s s u r e  a n t i c i p a t e d  f o r  t r a n s o n i c  c r y o -  
g e n i c  wind  t u n n e l s .  F o r  t h e  c o m p a r i s o n s  a t  c o n s t a n t  u n i t  
R e y n o l d s  n u m b e r s ,  t h e  p r e s s u r e s  h a v e  b e e n  a l lowed t o  g o  
beyond t h i s  r a n g e .  The lower t e m p e r a t u r e  l i m i t s  c o r r e s p o n d  
t o  c o n d i t i o n s  of s a t u r a t i o n .  
P r e s s u r e  r a t i o  p / p t . -  I n  t h e  t e m p e r a t u r e  r a n g e  of  i n t e r e s t  
f o r  c r y o g e n i c  t e s t i n g  ( t h a t  i s ,  be low a b o u t  150 K ) ,  t h e  d e v i a t i o n  
of t h i s  p a r a m e t e r  from t h e  i d e a l  v a l u e  i n c r e a s e s  w i t h  d e c r e a s i n g  
t e m p e r a t u r e  a n d  w i t h  i n c r e a s i n g  p r e s s u r e  ( f i g .  3 ) .  F o r  c o n d i t i o n s  
of c o n s t a n t  u n i t  R e y n o l d s  number ( f i g .  4 1 ,  t h e  d e v i a t i o n s  of t h e  
p r e s s u r e  r a t i o  a t  s a t u r a t i o n  t e m p e r a t u r e s  a r e  i n  t h e  same o r d e r  a s  
t h o s e  a t  a m b i e n t  t e m p e r a t u r e s  ( 3 0 0  K ) .  T h i s  r e s u l t  i n d i c a t e s  t h a t  
t h e  r e a l - g a s  e f f e c t s  f o r  t h e  h i g h - p r e s s u r e ,  a m b i e n t - t e m p e r a t u r e  
a p p r o a c h  of a c h i e v i n g  h i g h e r  t e s t  R e y n o l d s  numbers  a r e  of  t h e  same 
o r d e r  of m a g n i t u d e  a s  f o r  t h e  c r y o g e n i c  w i n d - t u n n e l  a p p r o a c h .  
The e f f e c t  o f  Mach number on t h e  d e v i a t i o n  of  t h e  p r e s s u r e  
r a t i o  i s  n o t  s y s t e m a t i c  ( f i g .  5 ) .  A t  t empera tu res  n e a r  s a t u r a -  
t i o n ,  t h e  d e v i a t i o n  does i n c r e a s e  w i t h  i n c r e a s i n g  Mach number ,  
b u t  b e c a u s e  t h e  s a t u r a t i o n  t e m p e r a t u r e  i s  h i g h e r  a t  t h e  h i g h e r  
Mach n u m b e r s ,  t h e  maximum d e v i a t i o n  does  n o t  o c c u r  a t  t h e  h i g h -  
e s t  Mach number ( 2 . 0 ) .  A maximum d e v i a t i o n  of 0 .8  p e r c e n t  o c c u r s  
a t  t h e  s a t u r a t i o n  t e m p e r a t u r e  f o r  a Mach number o f  a b o u t  1 . 4  
( f i g .  6 ;  10  a tm).  A t  M = 1 . 4 ,  t h i s  d e v i a t i o n  i s  e q u i v a l e n t  t o  
a Mach number d i f f e r e n c e  i n  t h e  i d e a l  g a s  of  0 .006 o r  t o  t h e  d i f -  
f e r e n c e  w h i c h  o c c u r s  when a d i f f e r e n t  i d e a l  g a s  h a v i n g  a 
y = 1.380 i s  u s e d .  
e f f ec t s -  on t h e  t e m p e r a t u r e  r a t i o .  
t u r e  r a t i o  i n c r e a s e s  w i t h  i n c r e a s e s  i n  s t a g n a t i o n  p r e s s u r e  
( f i g .  7 ) ,  w i t h  i n c r e a s e s  i n  Mach number ( f i g .  91,  a n d  w i t h  
T e m p e r a t u r e  r a t i o  T / T t . -  F i g u r e s  7 t o  10 show t h e  r e a l - g a s  
The d e v i a t i o n  o f  t h e  t e m p e r a -  
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decreases i n  t e m p e r a t u r e  ( f i g s .  7 a n d  9 ) .  A t  c o n s t a n t  u n i t  
R e y n o l d s  numbers  ( f i g .  8 ) ,  t h e  d e v i a t i o n  of  t h i s  r a t i o  i s  n e a r l y  
i n d e p e n d e n t  of s t a g n a t i o n  t e m p e r a t u r e ,  s l i g h t l y  l e s s  d e v i a t i o n  
o c c u r r i n g  a t  t e m p e r a t u r e s  n e a r  s a t u r a t i o n .  The maximum d e v i a t i o n  
of t h i s  parameter i s  a b o u t  1 .2  p e r c e n t  ( f i g .  10) .  A t  M = 2 . 0 ,  
t h i s  d e v i a t i o n  i s  e q u i v a l e n t  t o  a d i f f e r e n c e  i n  Mach number i n  t h e  
i d e a l  gas  of  0 .03  o r  t o  t h e  d i f f e r e n c e  w h i c h  o c c u r s  when a d i f -  
f e r e n t  i d e a l  gas h a v i n g  a y -- 1 .411  i s  u s e d .  
D e n s i t y  r a t i o  P I P t . -  F i g u r e s  1 1  t o  14 show t h e  real-gas  
e f f e c t s  on t h e  d e n s i t y  r a t i o .  T h e  d e v i a t i o n s  of  t h i s  parameter 
a re  g e n e r a l l y  l e s s  a t  c r y o g e n i c  t e m p e r a t u r e s  ( n e a r  s a t u r a t i o n )  
t h a n  a t  a m b i e n t  t e m p e r a t u r e s  ( f i g .  1 1 ) .  The d e v i a t i o n s  i n c r e a s e  
w i t h  s t a g n a t i o n  p r e s s u r e  a n d  g e n e r a l l y  i n c r e a s e  w i t h  i n c r e a s i n g  
Mach number ( f i g .  1 3 ) .  A t  c o n s t a n t  u n i t  R e y n o l d s  numbers  
( f i g .  1 2 ) ,  t h e  d e v i a t i o n  i s  much l e s s  a t  c r y o g e n i c  t e m p e r a t u r e s  
t h a n  a t  a m b i e n t  t e m p e r a t u r e s .  The maximum d e v i a t i o n s  o c c u r  a t  
a m b i e n t  t e m p e r a t u r e s  a n d  h i g h  Mach n u m b e r s  ( f i g .  1 3 ) .  A t  M = 2 . 0 ,  
p t  = 10 atm, a n d  T t  = 300 K ,  t h e  d e v i a t i o n  ( f rom t a b l e  I )  i s  a b o u t  
0 . 9  p e r c e n t .  T h i s  d e v i a t i o n  i s  e q u i v a l e n t  t o  a d i f f e r e n c e  i n  Mach 
number of 0 .007 o r  t o  t h e  d i f f e r e n c e  which  o c c u r s  when a d i f f e r e n t  
i d e a l  gas h a v i n g  a Y = 1 .410  i s  u s e d .  
S t r e a m - t u b e  area r a t i o  A / A + . -  _ -  F i g u r e s  15 t o  18 show t h e  
real-gas e f f e c t s  on  t h e  s t r e a m - t u b e  area r a t i o .  S i n c e  t h i s  param- 
e t e r  i s  n o r m a l i z e d  by c o n d i t i o n s  a t  M = 1 . 0 ,  c o m p a r i s o n s  a t  o t h e r  
Mach numbers  a r e  s i g n i f i c a n t .  I n c r e a s i n g  s t a g n a t i o n  p r e s s u r e  g e n -  
e r a l l y  i n c r e a s e s  t h e  d e v i a t i o n  of  t h i s  parameter ( f i g .  1 5 ) .  The 
e f f ec t  o f  r e d u c i n g  s t a g n a t i o n  t e m p e r a t u r e  i s ' g e n e r a l l y  o n e  of  
r e d u c i n g  t h e  d e v i a t i o n s  ( f i g .  1 7 ) .  A t  c o n s t a n t  u n i t  R e y n o l d s  
numbers  ( f i g .  161,  t h e  d e v i a t i o n s  a t  s a t u r a t i o n  t e m p e r a t u r e s  a r e  
c o n s i d e r a b l y  l e s s  t h a n  t h o s e  a t  a m b i e n t  t e m p e r a t u r e s .  F o r  t h e  
10-atm p r e s s u r e  r a n g e ,  t h e  maximum d e v i a t i o n  i s  a b o u t  0 . 3  p e r -  
c e n t  ( f i g .  1 5 ) .  F o r  t h e  M = 2 . 0  s a t u r a t i o n - t e m p e r a t u r e  case 
( f i g .  171, t h e  o b s e r v e d  0 . 3  p e r c e n t  i s  e q u i v a l e n t  t o  a d i f f e r -  
e n c e  i n  Mach number i n  t h e  i d e a l  gas of 0 .004  o r  t o  t h e  d i f f e r -  
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e n c e  wh ich  o c c u r s  when a d i f f e r e n t  i d e a l  gas h a v i n g  a 
Y = 1.396 is  u s e d .  
down t o  s a t u r a t i o n ,  t h e  f o l l o w i n g  t a b l e  g i v e s  t h e  maximum d e v i a -  
t i o n  of t h e  v a r i o u s  i s e n t r o p i c  parameters f o r  5- a n d  10-atm 
p r e s s u r e  : 
Summary.- F o r  t h e  t e m p e r a t u r e  r a n g e  from a m b i e n t  ( 3 0 0  K )  
I s e n t r o p i c  
p a r a m e t e r s  
P / P t  
p / p t  
A / A *  
T / T t  
Maximum d e v i a t i o n  i n  p e r c e n t  a t  - 
Pt = 5 atm 
0 .5  
-0.7 -1.2 
0 . 4  0 . 9  
k 0 . 2  t 0 . 3  
The v a l u e s  a t  5 atm are  g i v e n  b e c a u s e  t h i s  p r e s s u r e  i s  t h e  max i -  
mum o p e r a t i n g  p r e s s u r e  of  t h e  e x i s t i n g  L a n g l e y  1/3-meter t r a n -  
s o n i c  c r y o g e n i c  t u n n e l  ( r e f .  3 ;  f o r m e r l y  known a s  t h e  L a n g l e y  
p i l o t  t r a n s o n i c  c r y o g e n i c  t u n n e l )  a n d ,  a t  t h i s  t ime ,  no  a p p a r -  
e n t  p r o b l e m s  o f  f low s i m u l a t i o n  h a v e  b e e n  d e t e c t e d  i n  t h e  v a r i -  
o u s  e x p e r i m e n t a l  i n v e s t i g a t i o n s  p e r f o r m e d  i n  t h i s  f a c i l i t y .  
S t ream-Tube  A n a l y s i s  
The p o t e n t i a l  u s e r  o f  a t r a n s o n i c  t u n n e l  w h i c h  u s e s  c r y o -  
g e n i c  n i t r o g e n  a s  t h e  t e s t  gas i s  c o n c e r n e d  w i t h  how much these  
r e a l - g a s  d e v i a t i o n s  a f f e c t  t h e  p r e s s u r e  d i s t r i b u t i o n s  o r  f o r c e  
m e a s u r e m e n t s  of a n  a e r o d y n a m i c  t e s t .  To o b t a i n  some i n d i c a t i o n  
of how much t h e  p r e s s u r e  d i s t r i b u t i o n  of  a n  a i r f o i l  m i g h t  b e  
a f fec ted  by t e s t i n g  i n  a c r y o g e n i c  n i t r o g e n  t u n n e l ,  i t  i s  p o s s i -  
b l e  t o  s t u d y  a n a l y t i c a l l y  t h e  e x p a n s i o n  of  n i t r o g e n  t h r o u g h  a n  
e s p e c i a l l y  c o n t o u r e d  stream t u b e  a n d  t o  compare  t h e  r e s u l t i n g  
p r e s s u r e  d i s t r i b u t i o n  w i t h  t h a t  o b t a i n e d  when a n  i d e a l  d i a t o m i c  
g a s  i s  e x p a n d e d  t h r o u g h  t h e  same stream t u b e .  The a rea  d i s t r i -  
b u t i o n  of  s u c h  a stream t u b e  would  b e  s u c h  t h a t  a s  t h e  i d e a l  g a s  
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e x p a n d s  t h r o u g h  i t ,  some t y p i c a l  w i n g  p r e s s u r e  d i s t r i b u t i o n  i s  
o b t a i n e d .  T h i s  a n a l y s i s  i s  n o t  e n t i r e l y  r i g o r o u s  b e c a u s e  i t  
a s s u m e s  s t r e a m l i n e  s i m i l a r i t y  o f  gases as t h e y  f l o w  o v e r  t h e  a i r -  
f o i l ,  b u t  i t  p r o b a b l y  d o e s  g i v e  t h e  a p p r o x i m a t e  v a l u e s  of  t h e  
e x p e c t e d  d i f f e r e n c e s  i n  t h e  p r e s s u r e  d i s t r i b u t i o n .  
The p r e s s u r e  d i s t r i b u t i o n  s e l e c t e d  f o r  t h e  a n a l y s i s  i s  shown 
i n  f i g u r e  19 .  T h i s  d i s t r i b u t i o n  i s  r e p r e s e n t a t i v e  o f  o n e  o b t a i n e d  
on an a i r f o i l  i n  w i n d - t u n n e l  t e s t s  a t  a Mach number of  0 . 9 0  a n d  a t  
h i g h  l i f t  c o n d i t i o n s .  I t  was c h o s e n  p r i m a r i l y  b e c a u s e  o f  t h e  w i d e  
r a n g e  of l o c a l  Mach numbers .  F i g u r e  20 shows t h e  e f f e c t i v e  area 
d i s t r i b u t i o n  i n  terms of  A / A *  o f  a stream t u b e  which  would  g i v e  
t h e  same p r e s s u r e  d i s t r i b u t i o n  when t h e  i d e a l  gas i s  e x p a n d e d  
t h r o u g h  t h e  stream t u b e .  
F i r s t ,  n i t r o g e n  i s  a n a l y t i c a l l y  e x p a n d e d  t h r o u g h  t h i s  stream 
t u b e  f o r  s t a g n a t i o n  pressures  t o  10 atm a n d  a t  t e m p e r a t u r e s  w h i c h  
are n e a r  t h e  s a t u r a t i o n  t e m p e r a t u r e  a s s o c i a t e d  w i t h  t h e  maximum 
l o c a l  Mach number .  F i g u r e  21 g i v e s  t h e  r e s u l t i n g  p r e s s u r e  d i s t r i -  
b u t i o n s  r e l a t i v e  t o  t h e  i d e a l - g a s  p r e s s u r e  d i s t r i b u t i o n .  The d e v i -  
a t i o n  o f  t h e  p r e s s u r e  c o e f f i c i e n t s  i n c r e a s e s  w i t h  i n c r e a s e d  s t a g -  
n a t i o n  p r e s s u r e ,  a n d  t h e  maximum d e v i a t i o n  of  a b o u t  0.6 p e r c e n t  
o c c u r s  a t  10 atm a n d  a t  l o c a t i o n s  where t h e  Mach number i s  n e a r  
f ree  stream. 
The e f f e c t  of v a r i a t i o n s  o f  s t a g n a t i o n  t e m p e r a t u r e  on  t h e  
s t r e a m - t u b e  p r e s s u r e  d i s t r i b u t i o n  i s  shown i n  f i g u r e  22 f o r  8-atm 
p r e s s u r e .  A t  300 K ,  t h e  v a l u e s  of  t h e  p r e s s u r e  c o e f f i c i e n t  c 
are  a b o u t  0 .7  p e r c e n t  lower t h a n  t h o s e  f o r  t h e  i d e a l  gas.  As 
s t a g n a t i o n  t e m p e r a t u r e  i s  r e d u c e d ,  t h e  p r e s s u r e  c o e f f i c i e n t s  a l o n g  
t h e  stream t u b e  i n c r e a s e .  A t  145 K ,  t h e  c o e f f i c i e n t s  a r e  a t  most 
0 . 4  p e r c e n t  lower t h a n  t h e  i d e a l  v a l u e .  A s  s t a g n a t i o n  temperature 
is  r e d u c e d  f u r t h e r ,  t h e  gas  i n  t h e  h i g h  Mach number r e g i o n  reaches 
s a t u r a t i o n  t e m p e r a t u r e s .  S i n c e ,  i n  t h e  c o m p u t e r  program, t h e  gase- 
o u s  t h e r m o d y n a m i c  p r o p e r t i e s  c a n  o n l y  b e  d e t e r m i n e d  f o r  tempera- 
t u r e s  e q u a l  t o  o r  a b o v e  t h e  s a t u r a t i o n  t e m p e r a t u r e ,  t h e  pressure 
c o e f f i c i e n t s  c o u l d  n o t  be  computed  f o r  t h i s  r e g i o n  of  t h e  stream 
t u b e .  Tests  made i n  t h e  L a n g l e y  1/3-1neter t r a n s o n i c  c r y o g e n i c  , I  
P 
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t u n n e l  ( r e f .  7 )  show t h a t  tes ts  of  a n  a i r f o i l  c a n  be made a t  tem- 
p e r a t u r e s  n e a r  free-stream s a t u r a t i o n  t e m p e r a t u r e s  w i t h o u t  a n y  s i g -  
n i f i c a n t  e f f e c t s  on a i r f o i l  p r e s s u r e  d i s t r i b u t i o n  c a u s e d  by l i q u e -  
f a c t i o n .  For t h i s  r e a s o n ,  t h e  lower s t a g n a t i o n - t e m p e r a t u r e  p r e s s u r e  
d i s t r i b u t i o n s  a r e  p r e s e n t e d  f o r  t h a t  p o r t i o n  of  t h e  n o z z l e  f o r  
wh ich  t h e  f l o w  s o l u t i o n s  c o u l d  be  o b t a i n e d .  F o r  t hese  t e m p e r a t u r e s  
t h a t  approach  t h e  free-stream s a t u r a t i o n  t e m p e r a t u r e ,  t h e  p r e s s u r e  
c o e f f i c i e n t s  become g rea t e r  t h a n  t h o s e  f o r  t h e  i d e a l  gas .  I n  t h e  
low Mach number r e g i o n  of  t h e  stream t u b e  t h e  d e v i a t i o n  f rom t h e  
i d e a l  i s  o n l y  a b o u t  0 . 2  or 0 .3  p e r c e n t .  However ,  i f  t hese  c u r v e s  
a re  e x t r a p o l a t e d  i n t o  t h e  h i g h  Mach number r e g i o n ,  t h e  d e v i a t i o n  
m i g h t  be a p p r o x i m a t e l y  1 p e r c e n t .  T h i s  d e v i a t i o n  i s  s l i g h t l y  
h i g h e r  t h a n  t h a t  a t  a m b i e n t  t e m p e r a t u r e s ,  b u t  i s  p r o b a b l y  n o t  of  
c o n s e q u e n c e  f o r  most w i n d - t u n n e l  i n v e s t i g a t i o n s .  
The s t r e a m - t u b e  p r e s s u r e  d i s t r i b u t i o n s  f o r  d i f f e r e n t  combina -  
t i o n s  of s t a g n a t i o n  t e m p e r a t u r e  a n d  p r e s s u r e  w h i c h  r e s u l t  i n  a 
c o n s t a n t  u n i t  R e y n o l d s  number of  400 x Mm = 0 . 9 0  
are  p r e s e n t e d  i n  f i g u r e  2 3 .  A t  a m b i e n t  t e m p e r a t u r e s  ( 3 0 0  K )  a n d  
a t  t h e  p r e s s u r e  r e q u i r e d  t o  a c h i e v e  t h i s  u n i t  R e y n o l d s  number ,  t h e  
s t r e a m - t u b e  p r e s s u r e  c o e f f i c i e n t s  c a n  b e  a s  much a s  2 . 5  p e r c e n t  
lower t h a n  t h o s e  c o e f f i c i e n t s  f o r  t h e  i d e a l  g a s .  A t  150 K ( n e a r  
l o 6  p e r  meter a t  
, t h e  o n s e t  o f  l o c a l  s a t u r a t i o n ) ,  t h e  p r e s s u r e  c o e f f i c i e n t s  a r e  a t  
most 0 .8  p e r c e n t  l o w e r  t h a n  t h e  i d e a l  v a l u e s .  A t  a t e m p e r a t u r e  
n e a r  free-stream s a t u r a t i o n  ( 1 1 5  K ) ,  t h e  d e v i a t i o n  i s  a b o u t  
0 . 3  p e r c e n t  i n  t h e  low Mach number r e g i o n s  of  t h e  stream t u b e  a n d ,  
i f  e x t r a p o l a t e d  i n t o  t h e  h i g h  Mach number r e g i o n ,  t h e  d e v i a t i o n  
a g a i n  would  p r o b a b l y  be  a b o u t  1 p e r c e n t .  
a t r a n s o n i c  t u n n e l  c a p a b l e  o f  a c h i e v i n g  a g i v e n  u n i t  R e y n o l d s  
number i s  c o n s i d e r e d ,  t h e  real-gas  e f f e c t s  of n i t r o g e n  f o r  i s e n -  
t r o p i c  f low a re  l e s s  t h a n  a t  a m b i e n t  t e m p e r a t u r e s ,  w h e r e  t h e  
d e s i r e d  u n i t  R e y n o l d s  number mus t  be a c h i e v e d  t h r o u g h  g r e a t l y  
i n c r e a s e d  o p e r a t i n g  p r e s s u r e .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  
des i r e  t o  opera te  a t  low p r e s s u r e s  b e c a u s e  o f  model  a n d  b a l a n c e  
s t r e n g t h  c o n s i d e r a t i o n s .  
F i g u r e  2 3  and  o t h e r s  ( f i g s .  4 ,  8 ,  1 2 ,  a n d  1 6 )  show t h a t  when 
1 3  
4 The maximum d e v i a t i o n s  of  t h e  p r e s s u r e  c o e f f i c i e n t s  f o r  t h e  
s t r e a m - t u b e  e x p a n s i o n s  of  n i t r o g e n  a t  c r y o g e n i c  t e m p e r a t u r e s  a re  
t h e  maximum d e v i a t i o n s  of  t h e  p r e s s u r e  c o e f f i c i e n t s  on  a n  a i r f o i l  
as a r e s u l t  o f  t h e  real-gas e f f e c t s  i n  t h e  i s e n t r o p i c  f l o w  f i e l d ,  
t h e n  t h i s  e r r o r  would  n o t ,  i n  most ca ses ,  be  l a r g e r  t h a n  t h e  o t h e r  
u n c e r t a i n t i e s  e n c o u n t e r e d  i n  t r a n s o n i c  w i n d - t u n n e l  t e s t i n g .  
1 
a b o u t  1 p e r c e n t .  Assuming t h a t  t hese  d e v i a t i o n s  a re  i n d i c a t i v e  of  1 
I s e n t r o p i c  E x p a n s i o n  C o e f f i c i e n t s  
I 
As p r e v i o u s l y  m e n t i o n e d ,  f o r  a n  i d e a l  gas  e x p a n d i n g  i s e n t r o p -  
i c a l l y ,  p r e s s u r e  a n d  d e n s i t y  a re  r e l a t ed  by p = p y ( C o n s t a a t ) .  
The c o e f f i c i e n t  i s  c o n s t a n t  a l o n g  t h e  i s e n t r o p e  a n d  i s  e q u a l  t o  
t h e  s p e c i f i c  heat  r a t i o .  The c a l o r i c  i m p e r f e c t i o n s  of  n i t r o g e n  a t  
c r y o g e n i c  t e m p e r a t u r e s  were n o t e d  e a r l i e r  ( f i g .  l ( b ) ) .  Wi th  
v a r y i n g  t h u s  w i t h  p r e s s u r e  a n d  t e m p e r a t u r e ,  i t  m i g h t  be  a n t i c i -  
p a t e d  t h a t  t h i s  e x p o n e n t i a l  e q u a t i o n  would  no  l o n g e r  be  v a l i d  a n d  
t h a t  t h e  i s e n t r o p i c  f l o w  s o l u t i o n s  f o r  n i t r o g e n  migh t  d e v i a t e  
c o n s i d e r a b l y  more from t h e  i d e a l  s o l u t i o n s  t h a n  t h e y  do. 
Wool l ey  a n d  B e n e d i c t  ( r e f .  8 )  i n d i c a t e  t h a t  t h i s  e x p o n e n t i a l  
e q u a t i o n  may s t i l l  a d e q u a t e l y  d e s c r i b e  t h e  p r e s s u r e - d e n s i t y  r e l a -  
t i o n s h i p  f o r  real-gas i s e n t r o p i c  e x p a n s i o n s ,  b u t  t h e  e x p o n e n t  
would no  l o n g e r  be  e q u a l  t o  t h e  s p e c i f i c  hea t  r a t i o .  These 
a u t h o r s  d e f i n e d  t h i s  real-gas e x p o n e n t  a s  t h e  i s e n t r o p i c  e x p a n s i o n  
c o e f f i c i e n t  a. They f u r t h e r  i n d i c a t e d  t h a t  t h e  u s u a l  ideal-gas  
f o r m u l a s  may be a d e q u a t e l y  v a l i d  i f  a r a t h e r  t h a n  y i s  u s e d .  
The e q u a t i o n s  g i v e n  by Wool l ey  a n d  B e n e d i c t  f o r  c a l c u l a t i n g  a 
are 




S i n c e ,  f o r  t h e  p r e s e n t  a n a l y s i s ,  t h e  r e a l - g a s  i s e n t r o p i c  f l o w  
s o l u t i o n s  h a v e  b e e n  o b t a i n e d  a n d  t h e  v a r i a t i o n  of  p r e s s u r e  w i t h  
d e n s i t y  i s  known, i t  i s  much eas ie r  t o  d e t e r m i n e  a f r o m  t h e  
e q u a t i o n  
where s t a t e s .  3 a n d  4 r e p r e s e n t  a n  i n c r e m e n t  a l o n g  a n  i s e n t r o p e  
t h a t  is  e q u i v a l e n t  t o  0 . 0 5  i n  Mach number .  The i s e n t r o p i c  
e x p a n s i o n  c o e f f i c i e n t s  t h a t  were o b t a i n e d  by u s e  of e q u a t i o n  ( 6 )  
and  t h e  real-gas s o l u t i o n s  a re  p r e s e n t e d  i n  f i g u r e  24.  I n  t h i s  
case,  t h e  i s e n t r o p e s  b e g i n  a t  a s t a g n a t i o n  t e m p e r a t u r e  o f  130  K 
and  a t  v a r i o u s  v a l u e s  o f  s t a g n a t i o n  p r e s s u r e .  T h i s  t e m p e r a t u r e  
i s  c h o s e n  b e c a u s e  i t  a l l o w s  e x p a n s i o n s  t o  n e a r  M = 2 . 0  before  
s a t u r a t i o n  t akes  p l a c e .  The d e v i a t i o n  of  a a l o n g  t h e  i s e n -  
t r o p e  i s  d e p e n d e n t  on  t h e  p r e s s u r e ;  a t  t h e  h i g h e s t  p r e s s u r e ,  a 
v a r i e s  by a b o u t  2 . 5  p e r c e n t  o v e r  t h e  Mach number r a n g e  ( e x t r a p -  
o l a t e d  from M = 1 . 6  t o  M = 2 . 0 ) .  
which  b e g i n  a t  8 atm a n d  a t  v a r i o u s  s t a g n a t i o n  t e m p e r a t u r e s  i s  
shown i n  f i g u r e  25 .  The l e v e l s  o f  a v a r y  s l i g h t l y  w i t h  tem- 
p e r a t u r e ,  b u t  t h e  degree of  c o n s t a n c y  a l o n g  t h e  i s e n t r o p e  i s  n o t  
a s t r o n g  f u n c t i o n  of t e m p e r a t u r e .  A t  300 K ,  t h e  v a r i a t i o n  i s  
a b o u t  1 p e r c e n t ,  w h i l e  a t  120 K t h e  v a r i a t i o n  i s  a b o u t  2 . 0  p e r -  
c e n t  if t h e  c u r v e s  a re  e x t r a p o l a t e d  t o  c o v e r  Mach numbers  t o  
2.0.  F o r  these  i s e n t r o p i c  e x p a n s i o n s  t o  Mach 2.0 ( f i g s .  24  a n d  
251, t h e  maximum v a r i a t i o n  of  t h e  c o e f f i c i e n t s  i s  a b o u t  2 .5  p e r -  
c e n t .  F o r  t h e  Mach r a n g e  u n d e r  c o n s i d e r a t i o n ,  t h e  i s e n t r o p i c  
The degree t o  w h i c h  a r e m a i n s  c o n s t a n t  f o r  i s e n t r o p e s  
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f low parameters a r e  r a t h e r  weak f u n c t i o n s  of Y ,  a n d  t h i s  amount  
of v a r i a t i o n  i s  n o t  v e r y  s i g n i f i c a n t .  
c o e f f i c i e n t s  w i t h  s t a g n a t i o n  t e m p e r a t u r e  f o r  v a r i o u s  s t a g n a t i o n  
p r e s s u r e s .  These c o e f f i c i e n t s  a r e  t a k e n  a t  t h e  Mach 1 .0  p o s i t i o n  
on t h e  i s e n t r o p e s  b e c a u s e  t h e  c o e f f i c i e n t s  a t  t h i s  p o s i t i o n  a re  
r e p r e s e n t a t i v e  of  a n  a v e r a g e  v a l u e  f o r  t h e  i s e n t r o p e .  These 
c o e f f i c i e n t s  r e m a i n  s u r p r i s i n g l y  c lose  t o  t h e  i d e a l  d i a t o m i c  gas 
v a l u e  of 1 . 4 ,  e s p e c i a l l y  i n  v i e w  o f  t h e  l a r g e  v a r i a t i o n s  of  t h e  
s p e c i f i c  heat r a t i o s  shown i n  f i g u r e  l ( b ) .  These r e s u l t s  i n d i c a t e  
t h a t  n i t r o g e n  a t  t h e  t e m p e r a t u r e s  a n d  p r e s s u r e s  of i n t e r e s t  f o r  
wind t u n n e l s  e x p a n d s  v e r y  much l i k e  a n  i d e a l  d i a t o m i c  gas w i t h  a 
Y of 1 .4 .  i 
F i g u r e  26 shows t h e  v a r i a t i o n  o f  t h e  i s e n t r o p i c  e x p a n s i o n  
An i n d i c a t i o n  of  t h e  a c c u r a c y  o f  i s e n t r o p i c  f l ow s o l u t i o n s  
made by u s i n g  these  e x p a n s i o n  c o e f f i c i e n t s  i n  c o m b i n a t i o n  w i t h  t h e  
u s u a l  ideal-gas  e q u a t i o n s  c a n  be o b t a i n e d  by c o m p a r i n g  these  s o l u -  
t i o n s  w i t h  t h e  real-gas s o l u t i o n s .  A l so ,  as  a matter of  i n t e r e s t ,  
these s o l u t i o n s  c a n  be compared w i t h  t h o s e  o b t a i n e d  by u s i n g  t h e  
a c t u a l  v a l u e s  of  Y i n  t h e  i dea l -gas  e q u a t i o n s .  As a n  e x a m p l e ,  
s t a g n a t i o n  c o n d i t i o n s  of 8 atm a n d  120 K a re  c h o s e n .  From f i g -  
u r e s  l ( b )  a n d  2 6 ,  t h e  v a l u e s  o f  Y a n d  a a r e  1 .565  and  1 . 3 8 9 ,  
r e s p e c t i v e l y .  The i s e n t r o p i c  f l o w  parameters r e s u l t i n g  from s o l u -  
t i o n s  o b t a i n e d  as d e s c r i b e d  a n d  from t h e  real-gas s o l u t i o n s  a r e  
shown i n  f i g u r e  27. These parameters ( p / p t ,  T / T t ,  p / p t ,  a n d  
A / A * )  a re  p r e s e n t e d  i n  r e l a t i o n  t o  t h e i r  i d e a l  d i a t o m i c  gas v a l u e .  
The u s e  of t h e  e x p a n s i o n  c o e f f i c i e n t  i n  t h e  i d e a l - g a s  e q u a t i o n s  
g i v e s  r e s u l t s  t h a t  a p p r o x i m a t e  t h e  real-gas s o l u t i o n s  t o  w i t h i n  
a b o u t  1 p e r c e n t .  On t h e  o t h e r  h a n d ,  i t  i s  c l e a r l y  i n d i c a t e d  t h a t  
t h e  u s e  of t h e  a c t u a l  Y i n  t h e  i dea l -gas  e q u a t i o n s  g i v e s  e r r o n e -  
o u s  i n d i c a t i o n s  of  t h e  m a g n i t u d e  of real-gas e f f ec t s .  
, 
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FLOW THROUGH NORMAL SHOCKS 
Across a normal shock the conservation equations for mass, 
momentum, and energy must be satisfied. These equations are as 
follows : 
Mass 
P I V 1  = P2V* 
Momentum 
P1 + P 1 V I 2  = p2 + P2V2 2 
E'n e r g y : .  
: .  
- Ht v22 2 
H1 + -  V12 = H 2 + - -
2 
These equations, t gether with th caloric equation of state 
H = H(p,T) and the thermal equation of state p = p(p,T), can be 
solved simultaneously for the five downstream flow parameters p2, 
P2, v2, H2, and T2' 
Ideal-Gas Solutions 
Because of the simplicity of the caloric and thermal equa- 
tions of state for an ideal gas, the five equations can be solved 
readily and the flow parameters downstream of the shock can be 
expressed as a function of the upstream value, the upstream Mach 




( Y  + 1>M,2 - 02 v1  - = - -  
0 1  ‘2 ( y  - 1 ) M 1 2  + 2 
From t h e  e n e r g y  e q u a t i o n  i t  i s  a p p a r e n t  t h a t  
H t , l  = H t , 2  
and  s i n c e  f o r  a n  i dea l  gas,  cpTt = H t ,  t h e n  
T t , l  = T t . 2  
The o t h e r  s t a g n a t i o n  o r  t o t a l  c o n d i t i o n s  are  d e t e r m i n e d  by a n a l y t -  
i c a l l y  b r i n g i n g  t h e  downs t r eam f l o w  t o  rest i s e n t r o p i c a l l y .  The 
f o l l o w i n g  i s  t h e  r e s u l t i n g  e x p r e s s i o n  f o r  t h e  s t a g n a t i o n  p r e s s u r e  
a n d  d e n s i t y  which i s  i n  terms o f  t h e  u p s t r e a m  v a l u e ,  t h e  u p s t r e a m  
Mach number ,  a n d  t h e  s p e c i f i c  heat  r a t i o  o f  t h e  gas: 
- Y 1 
Many ideal-gas n o r m a l - s h o c k  t ab l e s  h a v e  b e e n  g e n e r a t e d  by 
u s i n g  e q u a t i o n s  s imilar  t o  t h o s e  g i v e n  a b o v e .  The t ab l e  i n  re f -  
e r e n c e  9, f o r  e x a m p l e ,  is  f o r  a n  i d e a l  d i a t o m i c  gas. 
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Real-Gas S o l u t i o n s  
B e c a u s e  o f  t h e  c o m p l e x i t y  o f  t h e  thermal a n d  c a l o r i c  e q u a -  
t i o n s  of s t a t e  of  a real  gas, t h e  r e a l - g a s  no rma l - shock  s o l u t i o n s  
are much more d i f f i c u l t  t o  o b t a i n .  The s i m u l t a n e o u s  s o l u t i o n  o f  
t h e  f i v e  p e r t i n e n t  e q u a t i o n s  i s  best a c c o m p l i s h e d  by a h i g h -  
speed d i g i t a l  c o m p u t e r  u s i n g  i t e r a t i v e  s o l u t i o n  t e c h n i q u e s .  F o r  
t h e  real-gas norma l - shock  s o l u t i o n s  o f  t h e  p r e s e n t  a n a l y s i s ,  t h e  
the rmodynamic  e q u a t i o n s  f o r  n i t r o g e n  (as  g i v e n  by J a c o b s e n ,  
ref. 5 )  are a g a i n  u s e d .  As was t h e  case f o r  t h e  i s e n t r o p i c  f l o w  
s o l u t i o n s ,  e x t e n s i v e  u s e  i s  made o f  a N a t i o n a l  B u r e a u  o f  S t a n d a r d s  
p rogram based  on J a c o b s e n ' s  e q u a t i o n s .  
are w r i t t e n  a g a i n  t h u s l y :  
The f i v e  bas ic  e q u a t i o n s  t h a t  must  be  s o l v e d  s i m u l t a n e o u s l y  
Mass 
c1 = P , V 1  = P2V2 
Momentum 
c2 = p 1  + P I V 1 *  = p2  + P 2 V 2  2 
Energy  
2 
c3  = - V 1 2  + H I  = -  v2 + H 2  
2 2 
Thermal e q u a t i o n  of s t a t e  
P2  = f ( P 2 , T 2 )  





By c o m b i n i n g  e q u a t i o n  ( 7 )  w i t h  e q u a t i o n s  ( 8 )  a n d  ( 9 1 ,  
r e s p e c t i v e l y ,  t h e  f o l l o w i n g  two e q u a t i o n s  a r e  formed: 
T h i s  p r o c e d u r e  r e d u c e s  t h e  p r o b l e m  t o  o n e  of  s o l v i n g  f o u r  
e q u a t i o n s  ( e q s .  ( l o ) ,  ( l l ) ,  ( 1 2 ) ,  a n d  ( 1 3 ) )  f o r  t h e  f o u r  unknowns 
P 2 ,  H2, p 2 ,  a n d  T 2 .  The i t e r a t i v e  p r o c e d u r e  t h a t  i s  u s e d  i n  
s o l v i n g  these  e q u a t i o n s  i s  o u t l i n e d  i n  t h e  f l o w  cha r t  o f  f i g -  
u r e  28. When t h i s  i t e r a t i v e  p r o c e d u r e  c o n v e r g e s ,  a l l  t h e  l o c a l  
f l o w  p r o p e r t i e s  d o w n s t r e a m  of  t h e  s h o c k  a r e  known,  a n d  t h e  t o t a l  
o r  s t a g n a t i o n  q u a n t i t i e s  c a n  b e  d e t e r m i n e d  f r o m  i s e n t ' r o p i c  
c o n s i d e r a t i o n s .  
Real-gas n o r m a l - s h o c k  s o l u t i o n s  h a v e  b e e n  o b t a i n e d  by u s e  
of  these  p r o c e d u r e s  a n d  t h e  s o l u t i o n s  a re  p r e s e n t e d  i n  t a b l e s  I1 
t o  X I .  These t a b l e s  c o v e r  r a n g e s  o f  s t a g n a t i o n  t e m p e r a t u r e  a n d  
p r e s s u r e  from 100 t o  300 K a n d  1 . 0  t o  30.0 atm, r e s p e c t i v e l y .  
The d e t a i l s  of t h e  t a b l e s  a r e  g i v e n  i n  t h e  k e y  p r e c e d i n g  
t a b l e  11. 
Normal-Shock R e s u l t s  - 
The r e s u l t s  o f  t h e  real-gas n o r m a l - s h o c k  s o l u t i o n s  a r e  
p r e s e n t e d  i n  two p a r t s .  F i r s t ,  summary p l o t s  a r e  p r e s e n t e d  t o  
i l l u s t r a t e  t h e  m a g n i t u d e  o f  r e a l - g a s  e f f e c t s  on  t h e  v a r i o u s  
n o r m a l - s h o c k  parameters. T h e s e  p l o t s  a r e  i n  terms o f  t h e  d e v i a -  
t i o n s  f rom t h e  c o r r e s p o n d i n g  i d e a l - g a s  v a l u e s .  T h e s e  parameters 
a r e  shown as  a f u n c t i o n  of s t a g n a t i o n  p r e s s u r e ,  s t a g n a t i o n  tem- 
p e r a t u r e ,  a n d  u p s t r e a m  Mach number .  S e c o n d ,  t h e  m a g n i t u d e  o f  
t h e  real-gas  e f f e c t s  i s  i l l u s t r a t e d  by l o o k i n g  a t  t h e  f l o w  
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parameters i n  a s u p e r s o n i c  stream t u b e  where n o r m a l  s h o c k s  a re  
a s s u m e d  t o  o c c u r .  
A l t h o u g h  t h e  t a b u l a t e d  s o l u t i o n s  c o v e r  a w i d e  r a n g e  of  v a r i -  
ab l e s ,  t h i s  a n a l y s i s  c o v e r s  t h e  e x t r e m e  r a n g e s  a n t i c i p a t e d  f o r  a 
t r a n s o n i c  c r y o g e n i c  t u n n e l .  The s t a g n a t i o n  p r e s s u r e  a n d  t e m p e r a -  
t u r e  r a n g e s  a r e  f r o m  1 t o  10 atm a n d  from 3 0 0  K t o  s a t u r a t i o n  
t e m p e r a t u r e s ,  r e s p e c t i v e l y ,  a n d  t h e  u p s t r e a m  Mach number  r a n g e  i s  
from 1.0 t o  2 .0 .  
P l o t s  o f  Shock P a r a m e t e r s  
P r e s s u r e  r a t i o s  p 2 / p 1  a n d  p t , 2 / p t , l = -  The d e v i a t i o n s  of 
t h e  s t a t i c - p r e s s u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  f r o m  t h e  i d e a l  
d i a t o m i c  g a s  v a l u e s  a r e  shown i n  f i g u r e s  29 a n d  30. The  s t a t i c -  
p r e s s u r e  r a t i o  f o r  n i t r o g e n  i s  a l w a y s  l e s s  t h a n  t h e  c o r r e s p o n d i n g  
ideal-gas  v a l u e .  The d e v i a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  s t ag -  
n a t i o n  p r e s s u r e  ( f i g .  2 9 ) ,  d e c r e a s i n g  s t a g n a t i o n  t e m p e r a t u r e  
( f i g .  2 9 ) ,  a n d  i n c r e a s i n g  u p s t r e a m  Mach number  ( f i g .  3 0 ) .  The 
maximum d e v i a t i o n  o f  t h i s  p r e s s u r e  r a t i o  i s  a b o u t  0 .7  p e r c e n t .  
For a n  i d e a l  g a s  a t  M 1  = 1 . 7 ,  t h i s  d e v i a t i o n  i s  e q u i v a l e n t  t o  
a d i f f e r e n c e  i n  u p s t r e a m  Mach number  of  a b o u t  0.006 o r  t o  t h e  
d i f f e r e n c e  w h i c h  o c c u r s  when a d i f f e r e n t  i d e a l  g a s  h a v i n g  a 
Y = 1 .370  i s  u s e d .  
The d e v i a t i o n s  o f  t h e  s t a g n a t i o n - p r e s s u r e  r a t i o  a c r o s s  n o r m a l  
s h o c k s  from t h e  idea l -gas  v a l u e s  a r e  shown i n  f i g u r e s  31 a n d  32. 
The d e v i a t i o n s  o f  t h i s  p a r a m e t e r  a r e  r a t h e r  i n s i g n i f i c a n t  ( 0 . 2  p e r -  
c e n t  o r  l e s s )  f o r  t h e  e n t i r e  r a n g e  o f  c o n d i t i o n s  c o n s i d e r e d .  
e f f e c t s  on t h e  s t a t i c - t e m p e r a t u r e  r a t i o s  a c r o s s  n o r m a l  s h o c k s  a r e  
shown i n  f i g u r e s  33 a n d  34 .  The d i r e c t i o n  o f  t h e  d e v i a t i o n s  i s  
v e r y  much d e p e n d e n t  on a l l  t h ree  i n d e p e n d e n t  v a r i a b l e s .  A g a i n ,  
t h e  m a g n i t u d e  o f  d e v i a t i o n  i s  ra ther  small  ( 0 . 5  p e r c e n t  o r  l e s s ) .  
For a n  i d e a l  gas a t  M 1  = 2 . 0 ,  t h e  maximum d e v i a t i o n  i s  e q u i v a l e n t  
t o  a c h a n g e  i n  u p s t r e a m  Mach number  of 0 .01  o r  t o  u s i n g  a d i f f e r -  
e n t  i d e a l  g a s  h a v i n g  a Y = 1 .395 .  
T e m p e r a t u r e  r a t i o s  T 2 / T 1  a n d  T t , 2 / T t , l . -  The r e a l - g a s  
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The d e v i a t i o n s  o f  t h e  s t a g n a t i o n - t e m p e r a t u r e  r a t i o s  a c r o s s  
n o r m a l  shocks  a r e  shown i n  f i g u r e s  35 a n d  36 .  F o r  t h e  ideal-gas  
case,  ( T t , 2 / T t , l )  E 1.  The s t a g n a t i o n - t e m p e r a t u r e  r a t i o s  f o r  
n i t r o g e n  a r e  l e s s  t h a n  1 . 0 .  The d e v i a t i o n  i n c r e a s e s  w i t h  
i n c r e a s e s  i n  s t a g n a t i o n  p r e s s u r e  a n d  u p s t r e a m  Mach number  a n d  w i t h  
decreases i n  s t a g n a t i o n  t e m p e r a t u r e .  A maximum d e v i a t i o n  o f  a b o u t  
1 .4  p e r c e n t  o c c u r s  a t  P t , l  = 10  atm, 
t i o n  t e m p e r a t u r e s  ( f rom t a b l e  I1 E ) .  The d e v i a t i o n s  o f  t h e  t o t a l -  
t e m p e r a t u r e  r a t i o  a re  c o n s i d e r a b l y  l a r g e r  t h a n  t h o s e  f o r  t h e  
s t a t i c - t e m p e r a t u r e  r a t i o .  T h i s  r e s u l t  i s  c a u s e d  by t h e  g e n e r a l l y  
l o w e r  t e m p e r a t u r e s  ahead o f  t h e  s h o c k  ( f i g .  9 ;  i s e n t r o p i c  s o l u -  
t i o n s )  a n d  t h e  small  d e v i a t i o n s  i n  s t a t i c - t e m p e r a t u r e  r a t i o  ac ross  
t h e  s h o c k  ( f i g .  3 4 ) .  
D e n s i t y  r a t i o s  p 2 / p l  a n d  p t , 2 / P t , l . -  The real-gas e f f e c t s  
on t h e  s t a t i c - d e n s i t y  r a t i o  a c r o s s  n o r m a l  s h o c k s  a r e  shown i n  f i g -  
u r e s  37 a n d  38. The d e v i a t i o n s  of  t h i s  parameter a re  g r e a t e r  a t  
a m b i e n t  t e m p e r a t u r e s  t h a n  a t  c r y o g e n i c  t e m p e r a t u r e s .  The d e v i a -  
t i o n s  a re  b a s i c a l l y  i n d e p e n d e n t  o f  u p s t r e a m  Mach number a n d  g e n -  
e r a l l y  i n c r e a s e  w i t h  i n c r e a s e d  s t a g n a t i o n  p r e s s u r e .  The maximum 
d e v i a t i o n  o f  a b o u t  0 . 4  p e r c e n t  i s  e q u i v a l e n t  t o  a d i f f e r e n c e  i n  
u p s t r e a m  Mach number of  0 . 0 0 7  o r  t o  u s i n g  a d i f f e r e n t  i d e a l  gas  
h a v i n g  a y = 1 . 4 0 6 .  
The real-gas e f f e c t s  on  t h e  t o t a l - d e n s i t y  r a t i o s  ac ross  n o r -  
mal s h o c k s  a r e  shown i n  f i g u r e s  39 and  40 .  A g a i n ,  t h e  d e v i a t i o n s  
of t h e  t o t a l - d e n s i t y  r a t i o  a r e  g r e a t e r  a t  a m b i e n t  t e m p e r a t u r e s  
t h a n  a t  c r y o g e n i c  t e m p e r a t u r e s ,  b u t  t h e  maximum d e v i a t i o n  i s  o n l y  
a b o u t  0 .4  p e r c e n t .  
M 1  = 2 . 0 ,  a n d  n e a r  s a t u r a -  
Downstream Mach number M 2 . -  The r e a l - g a s  e f f e c t s  on  t h i s  
parameter a re  s o  small t h a t  o n l y  o n e  c u r v e  i s  p r e s e n t e d  i n  f i g -  
u r e  41 t o  i l l u s t r a t e  t h i s  f a c t .  F o r  10 atm a n d  a n  u p s t r e a m  Mach 
number o f  2 . 0 ,  t h e  d e v i a t i o n  t h r o u g h o u t  t h e  s t a g n a t i o n - t e m p e r a t u r e  
r a n g e  i s  no  g r e a t e r  t h a n  a b o u t  0 . 0 6  p e r c e n t .  
d e v i a t i o n s  of t h e  v a r i o u s  n o r m a l - s h o c k  parameters f o r  5- and  
10-atm s t a g n a t i o n  p r e s s u r e :  
Summary.- The f o l l o w i n g  t a b l e  g i v e s  a summary of  t h e  maximum 
2 2  
Normal s h o c k  
p a r a m e t e r s  
P t , 2 / P t , l  
Tt ,  2 4 , l  
Maximum d e v i a t i o n  i n  p e r c e n t  a t  - 1 
P t , l  = 5 atm I p t , l  = 1 0  atm I -0.4 -0.7 
-0 .4  
-0 .2  
0 . 1  
-0 .9  
0 . 2  
0 . 0  
-0.5 
-0.5 
0 . 2  
- 1 . 4  
0 . 4  
-0.1 
S u p e r s o n i c  Stream Tube Wi th  Normal S h o c k s  
The m a g n i t u d e s  of  t h e  r e a l - g a s  e f f e c t s  o f  c r y o g e n i c  n i t r o -  
gen  on t h e  v a r i o u s  n o r m a l - s h o c k  p a r a m e t e r s  a r e  summar ized  i n  t h e  
p r e c e d i n g  s e c t i o n ,  b u t  a c l e a r e r  p i c t u r e  o f  t h e s e  e f f e c t s  may b e  
o b t a i n e d  by e x a m i n i n g  t h e  f l o w  i n  a s u p e r s o n i c  stream t u b e  w h e r e  
n o r m a l  s h o c k s  a r e  as sumed  t o  o c c u r .  The e f f e c t i v e  a rea  d i s t r i -  
b u t i o n  o f  t h e  stream t u b e  c h o s e n  f o r  a n a l y s i s  i s  shown i n  f i g -  
u r e  42. The f low i s  as sumed  t o  be  o n e - d i m e n s i o n a l  a n d  t h e  s o l u -  
t i o n  t o  t h e  f l o w  p r o p e r t i e s  a l o n g  t h e  stream t u b e  i s  a c o m b i n a t i o n  
of t h e  i s e n t r o p i c  s o l u t i o n s  a n d  t h e  n o r m a l - s h o c k  s o l u t i o n s  w h i c h  
h a v e  been  o u t l i n e d  p r e v i o u s l y .  F o r  t h e  s h o c k - f r e e  c a s e ,  t h e  e x i t  
Mach number of t h i s  stream t u b e  i s  a b o u t  2 . 0 .  
The p r o c e d u r e  i s  t o  c h o o s e  a s h o c k  l o c a t i o n  i n  t h e  stream 
t u b e  and  t h e n  t o  make t h e  f l o w  s o l u t i o n s  f o r  b o t h  t h e  n i t r o g e n  
a n d  i d e a l - g a s  cases .  The s h o c k  l o c a t i o n  c h o s e n  f o r  i l l u s t r a t i o n  
p u r p o s e s  is  t h e  p o i n t  a t  wh ich  t h e  u p s t r e a m  Mach number f o r  
n i t r o g e n  i s  1 .7 .  The d i f f e r e n c e  i n  t h e  f l o w  p r o p e r t i e s  a l o n g  
t h e  stream t u b e  f o r  t h e  two c a s e s  i s  t h e n  t a k e n  t o  be  a n  i n d i c a -  
t i o n  of t h e  r e a l - g a s  e f f e c t s .  
s o  t h a t  t h e  e f f e c t s  of s t a g n a t i o n  t e m p e r a t u r e  a t  8-atm p r e s s u r e  
and  t h e  e f f e c t  of  s t a g n a t i o n  p r e s s u r e  a t  a t e m p e r a t u r e  o f  150 K 
c a n  be d e t e r m i n e d .  Flow s o l u t i o n s  f o r  t h e  stream t u b e  w i t h  n o  
Two s e t s  of s t a g n a t i o n  c o n d i t i o n s  a r e  c h o s e n  f o r  a n a l y s i s  
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shocks  a re  a l s o  i n c l u d e d  i n  t h i s  a n a l y s i s .  The f o l l o w i n g  summary 
l i s ts  t h e  f i g u r e s  which  i l l u s t r a t e  t h e  d e v i a t i o n s  o f  e a c h  of  t h e  
s t r e a m - t u b e  parameters from t h e  i d e a l  v a l u e :  
F i g u r e s  
S t a t i c  p r e s s u r e  . . . . . . . . .  4 3  t o  44 
S t a t i c  t e m p e r a t u r e  . . . . . . .  4 5  t o  46 
S t a t i c  d e n s i t y  . . . . . . . . .  47 t o  48 
Mach number . . . . . . . . . . .  49 t o  50 
Parameter: 
Each of t hese  f i g u r e s  shows  t h e  d e v i a t i o n s  i n  t h e  i s e n t r o p i c  f l o w  
s o l u t i o n s  ( s h o c k - f r e e  s o l u t i o n s ) ,  t h e  d e v i a t i o n s  i n  t h e  r a t i o s  
across  t h e  shock  ( l e n g t h  of  t h e  v e r t i c a l  l i n e  a t  t h e  shock loca-  
t i o n ) ,  a n d  t h e  d e v i a t i o n s  i n  t h e  v a l u e  of  t h e  p a r a m e t e r ) d o w n -  
stream o f  t h e  s h o c k .  
The s t a t i c  p r e s s u r e s  i n  t h e  stream t u b e  f o r  t h e  shock- f r ee  
case a re  g e n e r a l l y  h i g h e r  f o r  n i t r o g e n  t h a n  f o r  t h e  i d e a l  g a s .  
However ,  t h e  maximum d e v i a t i o n  wh ich  o c c u r s  a t  t h e  h i g h e s t  s t ag -  
n a t i o n  p r e s s u r e  a n d  l o w e s t  s t a g n a t i o n  t e m p e r a t u r e  i s  o n l y  a b o u t  
0 .8  p e r c e n t .  Fo r  these  same s t a g n a t i o n  c o n d i t i o n s ,  t h e  p r e s s u r e  
r a t i o  across  t h e  shock  i s  l o w e r  t h a n  t h e  i d e a l  v a l u e  by a b o u t  t h e  
same p e r c e n t a g e .  T h i s  c o m b i n a t i o n  of  r e s u l t s  c a u s e s  t h e  p r e s s u r e s  
downs t r eam o f  t h e  s h o c k  t o  b e  a l m o s t  i d e n t i c a l  t o  t h o s e  f o r  t h e  
ideal-gas  case ( w i t h i n  0 .1  p e r c e n t ) .  The l a c k  of  a p p r e c i a b l e  
s h o c k  movement f o r  t h i s  w i d e  r a n g e  o f  c o n d i t i o n s  s h o u l d  a l s o  be 
n o t e d  i n  f i g u r e s  43 and  44. The n o m i n a l  shock  p o s i t i o n  i s  a t  a n  
x / c  of 0.345.  Computed r e s u l t s  i n d i c a t e  movement t o  be l e s s  
t h a n  0.8 p e r c e n t .  
The s t a t i c  t e m p e r a t u r e s  i n  t h e  stream t u b e  f o r  t h e  s h o c k - f r e e  
case a re  a l w a y s  lower f o r  n i t r o g e n  t h a n  f o r  t h e  i d e a l  gas .  The 
d e v i a t i o n  of t h e  t e m p e r a t u r e  reaches a b o u t  1 . 0  p e r c e n t  a t  t h e  
s t r e a m - t u b e  e x i t  a n d  a t  h i g h  s t a g n a t i o n  p r e s s u r e s  a n d  low s t a g n a -  
t i o n  t e m p e r a t u r e s .  The  t e m p e r a t u r e  r a t i o s  a c r o s s  t h e  s h o c k  a r e  
a b o u t  t h e  same f o r  n i t r o g e n  as f o r  t h e  i d e a l  gas ( r e l a t i v e l y  s h o r t  
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v e r t i c a l  l i n e s  a t  s h o c k  l o c a t i o n ) .  C o n s e q u e n t l y ,  t h e  d e v i a t i o n s  
of  t h e  t e m p e r a t u r e s  d o w n s t r e a m  o f  t h e  s h o c k  a r e  a b o u t  t h e  same mag- 
n i t u d e  as f o r  t h e  shock-free case ( a b o u t  1 . 0  p e r c e n t ) .  
t h e  stream t u b e  a re  c o n s i d e r a b l y  smaller  t h a n  t h o s e  f o r  s t a t i c  
p r e s s u r e  a n d  t e m p e r a t u r e  a n d ,  as  a r e s u l t ,  a r e  p r e s e n t e d  w i t h o u t  
comment.  
The d e v i a t i o n s  i n  t h e  s t a t i c  d e n s i t i e s  a n d  Mach n u m b e r s  a l o n g  
C O N C L U D I N G  R E M A R K S  
R e a l - g a s  c a l c u l a t i o n s  of o n e - d i m e n s i o n a l  i s e n t r o p i c  a n d  
n o r m a l - s h o c k  f l o w s  of n i t r o g e n  g a s  a r e  p r e s e n t e d .  The s o l u t i o n s  
are  compared  w i t h  t h e  c o r r e s p o n d i n g  i d e a l  d i a t o m i c  g a s  s o l u t i o n s ;  
t a b l e s  o f  t h e  c o m p a r a t i v e  s o l u t i o n s  a r e  p r e s e n t e d  f o r  a w i d e  r a n g e  
of s t a g n a t i o n  t e m p e r a t u r e s  a n d  p r e s s u r e s .  To o b t a i n  a n  i n d i c a t i o n  
o f  t h e  p o s s i b l e  e r ro r s  i n  i n v i s c i d  f l o w  s i m u l a t i o n  i n  a t r a n s o n i c  
c r y o g e n i c  t u n n e l ,  a n  a n a l y s i s  of t h e s e  s o l u t i o n s  i s  made f o r  
r a n g e s  o f  t e m p e r a t u r e  ( 3 0 0  K t o  l i q u e f a c t i o n ) ,  p r e s s u r e  ( 1  t o  
10 a tm) ,  a n d  Mach number ( u p  t o  2 . 0 ) .  These r a n g e s  e n c o m p a s s  t h o s e  
c o n d i t i o n s  c u r r e n t l y  b e i n g  c o n s i d e r e d  i n  c r y o g e n i c  t u n n e l  d e s i g n s .  
F o r  t h e  r a n g e  o f  c o n d i t i o n s  c o n s i d e r e d ,  t h i s  a n a l y s i s  l e a d s  t o  t h e  
f o l l o w i n g  c o n c l u s i o n s :  
1 .  The  d e v i a t i o n s  i n  t h e  i s e n t r o p i c  a n d  n o r m a l - s h o c k  pa rame-  
t e r s  c a u s e d  by t h e  r e a l - g a s  c h a r a c t e r i s t i c s  o f  n i t r o g e n  a r e  smal l  
( a b o u t  1 . 0  p e r c e n t  o r  l e s s ) .  E r r o r s  i n  c r y o g e n i c - t u n n e l  f l o w  
s i m u l a t i o n  of  t h i s  m a g n i t u d e  would  b e  i n s i g n i f i c a n t  f o r  m o s t  wind-  
t u n n e l  i n v e s t i g a t i o n s .  
2 .  The  d e v i a t i o n s  o f  n i t r o g e n  from idea l -gas  b e h a v i o r  (com- 
p r e s s i b i l i t y  f a c t o r  n o t  e q u a l  t o  1 ,  r a t i o  of s p e c i f i c  hea t s  n o t  
c o n s t a n t )  d o  n o t  c a u s e  n e a r l y  as  much d i f f e r e n c e  i n  i s e n t r o p i c  
a n d  n o r m a l - s h o c k  f l o w  s o l u t i o n s  as m i g h t  b e  a n t i c i p a t e d  from t h e  
e r r o n e o u s  u s e  of  i d e a l  e q u a t i o n s  combined  w i t h  t h e  r e a l  v a l u e s  of  




r ema in  v e r y  n e a r  t h e  ideal-gas v a l u e  of 1 . 4 ,  e v e n  t h o u g h  t h e  
s p e c i f i c  h e a t  r a t i o s  are  as  h i g h  as 1.7.  
Lang ley  Research C e n t e r  
N a t i o n a l  A e r o n a u t i c s  a n d  Space A d m i n i s t r a t i o n  
Hampton, V A  23665 
J u l y  16 ,  1976 
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I APPENDIX 
V I S C O S I T Y  OF N I T R O G E N  
To c a l c u l a t e  u n i t  Reyno lds  numbers  f o r  v a r i o u s  c o n d i t i o n s  i n  
t h i s  r e p o r t ,  t h e  v i s c o s i t y  e q u a t i o n  f o r  n i t r o g e n  ( r e f .  1 0 )  was t 
used .  T h i s  e q u a t i o n  i s  
where p is  i n  l o 2  N-sec/m2, T i s  i n  K ,  and  p is  i n  g/cm3. 
The first  term p ( T )  i s  c a l l e d  t h e  d i l u t e  gas c o n t r i b u t i o n  ( i . e . 9  
low d e n s i t i e s )  and  i s  g i v e n  by 
The C c o n s t a n t s  a r e  a s  f o l l o w s :  
C1 = 7.4165322904 x l o 1  
= 3.8530771011 x c3 
C 4  = 8.0133713668 x 
C5 = -8.9203123846 x 
C7 = -5.3779372664 x lo’l3 
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A P P E N D I X  
C g  = -2 .3084044942  x 
The s e c o n d  term A P ( P , T )  i s  c a l l e d  t h e  d e n s e  f l u i d  c o n t r i -  
b u t i o n  a n d ,  as p o i n t e d  o u t  i n  r e f e r e n c e  10,  t h e  t e m p e r a t u r e  
d e p e n d e n c e  o f  t h i s  term i s  e x t r e m e l y  small  f o r  n i t r o g e n  a n d  has  , 
been  n e g l e c t e d .  Therefore,  t h i s  term i s  g i v e n  by t h e  f o l l o w i n g  , 
e x p r e s s i o n :  
7 
A P  (P  , T )  ‘Z  A P  ( P )  = Z D i p i  
i = l  
The  D c o n s t a n t s  a r e  a s  f o l l o w s :  
D 1  = 2 .3083514362  x l o - ’  
D 2  = -9 .3636207171 x 10-1 
D 3  = 9.0339186452 
D 5  = 1 .0897627893  x l o 2  
D6 -1 .2913856376 x I O 2  
D7 = 5 .9782049913  x 10 
The v i s c o s i t i e s  o f  n i t r o g e n  a s  d e t e r m i n e d  from t h i s  e q u a t i o n  
a n d  t h e  e q u a t i o n  of  s t a t e  f o r  n i t r o g e n  ( r e f .  5 )  a r e  p r e s e n t e d  i n  
f i g u r e  51 a s  a f u n c t i o n  o f  t e m p e r a t u r e  a n d  p r e s s u r e  ( 1  t o  10 a tm).  
A t  t e m p e r a t u r e s  n e a r  s a t u r a t i o n ,  i n c r e a s i n g  t h e  p ressure  t o  10 atm 
i n c r e a s e s  t h e  v i s c o s i t y  by a b o u t  10 p e r c e n t  o v e r  t h e  v a l u e  a t  
1 atm. T h i s  v i s c o s i t y  e q u a t i o n  i s  b e l i e v e d  t o  p r e d i c t  v a l u e s  
w i t h i n  a b o u t  _+2 p e r c e n t  i n  t h i s  pressure and temperature r a n g e .  
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A P P E N D I X  
It s h o u l d  b e  n o t e d  t h a t  f o r  a gas t o  s i m u l a t e  t h e  v i s c o u s  
c h a r a c t e r i s t i c s  o f  a i r  a t  n e a r - a m b i e n t  t e m p e r a t u r e  c o n d i t i o n s  
a d e q u a t e l y ,  t h e  s l o p e  o f  t h e  v i s c o s i t y - t e m p e r a t u r e  c u r v e  a t  a 
g i v e n  t e m p e r a t u r e  m u s t  be s i m i l a r  t o  t h e  s l o p e  f o r  a i r  a t  a m b i e n t  
t e m p e r a t u r e s .  F o r  c o m p a r i s o n  p u r p o s e s ,  t h e  v i s c o s i t y  c u r v e  f o r  
a i r  ( S u t h e r l a n d  f o r m u l a ,  r e f .  9 )  i s  a l s o  p r e s e n t e d  i n  f i g u r e  51. 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  as  p r e s s u r e  i s  i n c r e a s e d  a t  c r y o -  
g e n i c  t e m p e r a t u r e s ,  t h e  s l o p e  o f  t h e  v i s c o s i t y - t e m p e r a t u r e  c u r v e  
f o r  n i t r o g e n  becomes e v e n  more l i k e  t h a t  f o r  a i r  a t  a m b i e n t  
t e m p e r a t u r e s .  
I l l 1  1 l l 1 l 1  I IIIIIII I l l1  Ill Ill I 
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TABLE K E Y  
T h i s  t a b l e  i s  s u b d i v i d e d  f o r  v a r i o u s  v a l u e s  o f  s t a g n a t i o n  
t e m p e r a t u r e .  
[Letter s u b d i v i s i o n l A  I B 
T t ,  K I 
Each p a g e  o f  t h e  s u b d i v i s i o n  c o r r e s p o n d s  t o  a p a r t i c u l a r  
s t a g n a t i o n  p r e s s u r e .  I n  a d d i t i o n  t o  t h e  i s e n t r o p i c  f l o w  
parameters a n d  t h e i r  v a l u e s  r e l a t i v e  t o  t h e  i d e a l  d i a t o m i c  
gas v a l u e s ,  v a r i o u s  o t h e r  gas p r o p e r t i e s  a r e  a l s o  g i v e n .  
ATM 
A / A *  
DT ' 







1 a tmosphere  ( 1  atm = 101 .32  k N / m 2 )  
s t r e a m - t u b e  a r ea  r a t i o  ( A * ,  a rea  w h e r e  M = 1 .0 )  
s t a g n a t i o n  d e n s i t y  
r a t i o  of s t a t i c  d e n s i t y  t o  s t a g n a t i o n  d e n s i t y  
r a t i o  o f  s p e c i f i c  h e a t s ,  cP - 
c V  
k i l o g r a m  p e r  c u b i c  meter 
s t a g n a t i o n  p r e s s u r e  
r a t i o  o f  s t a t i c  p r e s s u r e  t o  s t a g n a t i o n  p r e s s u r e  
Mach number 
I 
3 1  
R E Y  /M R e y n o l d s  number pe r  meter ( v i s c o s i t y  e q u a t i o n ,  
a p p e n d i x )  
TT s t a g n a t i o n  t e m p e r a t u r e  
T/TT r a t i o  o f  s t a t i c  t e m p e r a t u r e  t o  s t a g n a t i o n  t e m p e r a t u r e  
w 
2 
s p e e d  of  s o u n d  
c o m p r e s s i b i l i t y  f a c t o r  
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TAbLE 1. REAL-GAS I S E N T R O P I C  EXPANSIONS OF NITROGEN 
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-9992 . 9995 
.9998 
9887 














































































7 -781 E to8 
8.123Et08 
8.432E to8 














9 5 18E to8 
9.412 E to8 
9.169Et08 
9.035E to8  
8.745Et08 
8 -590E to8 
9.81 1 E t 0 8  
9.693E to8 
9.295Et08 











































H. T T  






















































































P T  = 30 ATM 
P / P T  
1. c o o 0  
.9983 
.9928 


































- 2 5 5 5  
-2209 
.1637 





























































































































1 6 771, 






























































































































































































.9960 . 9954 








TABLE 1. REAL-GAS ISENTROPIC EXPANSIONS OF NI.TROGEN 







































































2 m686E +07 























































































































































































































































































































































































































































































.9997 . 9997 
















.9999 . 9999 








a9998 . 9998 













































5 0706E t 0 6  
1.138E t 0 7  
1 .698E t07  
2 247E t 0 7  
3.300Et07 
3.798E t07  







7.088E t 0 7  








8.032 E to7  
8.067Et07 
8.383Et37 
8. 0 7 9 ~  to7 















































































































































P T  = 3 ATH 





























, 3 1 4 3  












































































- 6  344 

































I .  1880 


















































































.s994 . 9994 















































































































.9993 . 9994 
























































































1.18JE * 0 8  
1 -216E *OB 
1.247E * 0 8  
1.274€*08 






1.296E * 0 8  
1.338E t38 
1.347E to8  





1 318E *OB 
1.291 E *08  
1.305Et08 




1 199E *08 
1 178Et08 












































I. TT = 200 K 
G A M A  
1 4234 
1.4233 


















































































PT = 5 ATH 01 8.629 KGH/H3 CON1 I NUED 
P / P T  

















. 5  907 
a6229 
-5590 









































































































































































































































,9997 . 9997 




9990 . 99 89 
09988 
-9986 













































































































































2 . 000 
REY/W 
0. 
1.513E t07  
3 01 6E to7 
4 500E t 0 7  






1.367E t o 8  
1.472E t o 8  
1.570E t o 8  
1.660Et08 
1.743E t o 8  
1 816E t o 8  
1.883Et08 











2 140E t o 8  
2.127E e08 
2.11OEtO8 
2.091 E t o 8  
2.068E t o 8  
2 043 E t o 8  
2.016Et08 
1.986Et08 




























































































M/ S EC 























































































































































































































































































































































































i . 9974 
.9974 
.9975 


























































































1 837E to8 
1.959EtU8 





2 A 2 3 E  t o 8  
2.486E t o 8  
2.541EtO8 
2 586E t J 8  
2.622Et08 
2 e672E to8 
2.651Et08 
2.685E t o 8  























































































































































































































































































































































































































































































































































































2 . 112 E +08 
2.336Et08 
2 o546E *08 
2.744Et08 
2.927E+O8 






3 801 E +O 8 
30870E +OB 
3.926Et08 







3 -9  65 E to8 
3.930€+08 
3.889€+08 
3 844E e08 
3.795€+08 
3 742 E e08 
3.685€*08 
3 626 E +08 
3.564Et08 
3.500E +OB 


































































































































































- 2 7 2 8  
a2538 
2359 







































































































































. I ”  I 
W P/PT T/TT C/DT A/A* ------- RELATIVE TO IOEAL GAS VALUES------ 
































































































































































I . 9947 
.9948 
9950 





















-9991  . 9988 
-9986 . 9983 



































































3 889E 408 
4.113E to8 
40319Et08 
4 504E t o 8  
4.671E408 
4.81 8 E t 0 8  
5.057€+08 
5.150Et08 
5.227E t o 8  
5.287E +OB 










5 0075 E to8 








































































































































PT = 20 ATM DT = 35.653 KGM/M3 



















































































O/DT A / A *  
I 




























































































































































































































































.9994 . 9997 
.9999 
1.0000 
1.0000 . 9999 



























































R E Y / M  
0. 
4.664E t07 

























6 703 E to8  
6 e671 €+OB 
6e575Et08 












































































































































PT = 25 ATM 




. S 8 4 0  




























































































e 841 8 







































































































































































































































































m9962 . 9957 
.9953 . 9949 
.9945 . 9941 













































R E Y / M  
0. 
5 582E +07 
1 11 3E +08 
1 -660E t o 8  
2.721€+08 
2.197Et38 
3.22 8E +58 
3.716€+08 
4.183€+08 




6 134E +08 
6 441 E e08 




7 555E t o 8  
7.698Et08 
7.816E + O B  
7.910€+08 
7.982€+08 
8 033 E +58 
8.064Et08 
8.077 € +08 
8*072E+08 
8.05 1E to8  
8.016E+J8 
7.966€+08 
7 905E to8 
7 075 JE +OB 
7.658€+08 









































































































































P T  = 30 ATM DT = 54.619 KGM/M3 CONCLUDED 



















































































D / D T  A / A *  
1.0000 I- 
























































































































































































































































































TABLE I .  REAL-GAS ISENTROPIC EXPANSIONS OF NITROGEN 
r T  = 250 K PT = 1 ATH DT * 1.367 KGM/M3 
I 
n m i  
0.000 
,050 






































2 . 000 
0 2  
4 
R E Y / M  
0. 
1.414E*06 
2 820E +Ob 
4.206€+06 






1 -371E t07 
1 -46 1 E +07 
1 -543E td7 
1.618E+O7 
1.685Et07 
1 745E to7 
1 797E *07 
1.842Et07 

















1.762E t07  













































































































































































































































































































































09994 . 9994 
09994 
.9993 






1.0000 . 9999 
















































.9998 . 9997 

























l.0000 1. 00 
1.0000 
1.0001 



































.9997 . 9998 
.9998 . 9998 



















.9998 . 9998 
.9998 . 9998 
9998 
















































R E Y / M  
0. 












4 e 6  2 2E +O 7 
4 847E +07 
5.048Et07 
5.227E+O7 
5.383E t 0 7  
5 517 E t07  
5.630Et07 
5 723 E +07 
5.796€+07 
5.850€+07 
5.887E t 0 7  
5 e913E +07 
5 -905E +O7 
50884Et07 
5 85 lE  t 0 7  
5.807E t o 7  
5.754€+07 
5.692Et07 





5 O O l E  t 0 7  
4.900E t 0 7  
5.908~ +or 












































































































































































































- 6 3 3 0  
-6194 
-6061 
























































































































































































































































































































































3 -432 E t 07  
4.683Et07 
5.822Et07 
4 . 0 7 0 ~ t c 7  
5.268Et.07 
6.343E t 0 7  
6.823E t 0 7  
7.279Et07 
8 Ot4E ti) 7 




9.183E t 0 7  
9.527E t 0 7  
9.741Et07 




9.6496 t07  
9.840Et07 
9.837E+07 
9 749 E t07  
9.678Et07 
9.5906 to7 
9 .489E t 0 7  
9.375E t 0 7  
9.115E t 0 7  
8 -97 2E t 0 7  
8.8236 t07  
8.667EtO7 
8.343 E t 0 7  
8 176E to7 
9.250Et07 











































J. T T  = 

































































































































T / T T  























































































































































































































































































































.9999 . 9999 













































1 e 5 0 0  
1.550 










R E Y l M  
0. 
1 124E t 0 7  
20241Et07 
3.343E t07  




9 -2926 t07 
1.012Et08 
1.090Et08 
1.162E t o 8  
1.2 28E to8 
1 287E to8  
1.341Et08 
1.389Et08 




1 542E t o 8  
1 ~ 5 5 7 E t 0 8  
1 567E t o 8  
1.575Et08 








1.41 3E to8  





1 . 5 4 a ~ t o 8  
1.481Et08 











































TABLE I .  REAL-GAS ISENTROP 























































































P T  = 8 ATM 







































1384 . 1281 








































C EXPAlriSIONS OF NITROGEN 
DT * 10.993 KGM/M3 CONT I hUEO 































































































































































































































1 .0016 0014 


























.99 84 . 99 85 




9996 . 9997 





















.9979 . $977 
,9976 









































- 5 0 0  
0600 





5 520E +07 
6.834Et07 
8.105E tO7 
9.326E t 0 7  
1.049Et08 
1 160E t o 8  



















1 966E t o 8  
1.949E t 0 8  
1.918Et08 










































































































































P T  = 10 ATW 

























































































































































































































































































































































-9996 . 9998 

















.9977 . 9977 
.9975 . 9973 
.9972 . 9970 
I 




. loo  










































6 0233E +07 
8 -248E to7 



















21 942E to8  







2.741 E to8 
2.700€+08 
2.656Et08 
2.61 1E +08 














































J. T T  =x 











































































































































































































































































































































































09950 - 9950 
09949 
09948 























































-9969 . 9973 
-9976 
9980 
.9985 . 9988 



















09962 . 9959 . 99 57 . 99% 
.9951 






















































3 192E to8 
3.326Et08 












3 869E t 0 8  
3.837Et08 
3 .BOO€ to8  
3.711Et08 
3.660Et08 


























































































































































































































































































































































































































































































































.9937 . 9934 






































































4.898E to8  
4.887E to8 
4.866E to8  
4.835€*08 
4.797Et08 
4.752E *08  
4.700€*08 
4.643E *08  
4.5 14E *08  
4 -443 E *08 
4.369E e08 
4.293€*08 




































































































































PT = 25 ATM OT 34.767 KGM/M3 CONT I NUEO 







































.1391 . 1288 
T / T T  









































1.0000 . 9988 




































- 2  776 










































w P / P T  T / T T  O/DT A/A* 






















































































a9997 . 9995 
99993 




09971 . 9967 
-9963 



























































































































































4 . 0 2 6 ~  toa 
4.292Et08 
4.536E t o 8  
4.759Et08 
4.960E t J 8  












5.802E t o 8  




5.504E t 08 
5.341E to8  


































































































































































































































































































































































































































































































































































RE Y /H 
0. 
1 11 4E *06 




1 0414 E t06  
6.445Et06 
8.337E *06 
9 e21 1 E *06 
1.003E *07 
l.O80E*O7 
1 150E *07 
1 273 E *07 
1 -325Et07 
1.37 1E *07 
1 e411 E t07  






1 540E *07 
1.543 E *07 
1 537E *07 
1.52dE*07 





1 2 86E *07 
1.259€*07 
1.214E *07 
1.533E t 5 7  
1.507E*07 
1.475Et07 
1.4 34E *07  
1.364E t07  






















































































TABLE I .  REAL-GAS I S E N T R O P I C  EXPANSIONS OF N ITROGEN 



































































































































































































































































































T / T T  D./DT A/A* 





































































































.9999 . 9999 






.9997 . 9997 
-9996 
9996 
















































1 3 1  6E +07 
1.628E +07 
1 931 E +07 
2 221E +07 
2 .498E +07 
3 -005E +07 
2.759€+07 






3.63 BE +07 
3 969E +07 
4.227 E +07 
4.4lbE+O7 
4 5 39E +07 
4.579€+03 
4.604€+07 





































































































1 . 4034 
300 K 
W 










































PT = 3 ATH 



















-5908 . 5591) 
.5279 . 497 5 







































































































. 3 2 M  





























































































-9396 . 9996 
.9995 . 9994 














































































































.9993 . 9993 
.9993 
-9996 
a9996 . 99 97 
9998 
9998 . 9999 




1 . 0000 
1.0000 
.9999 . 9999 
.9999 . 9998 
.9998 . 9997 
09996 
9996 . 9995 





















































1 109E +07 
2.189€+07 
2.710€+07 
3 e212 E +07 
3.6956 +07 
4.156E 607 
4.591 E +07 
5.000E+07 






7 m037E +07 







7 691E +07 
7.6756 +07 
70593Et07 












































































































































262 - 7 1  
P T  = 5 ATM 



















































































DT 5.695 KGM/M3 C C N T I  hUED 




















































































W P I  PT l/ 11 O/OT . & / A i *  ------- RELATIVE 10 I D E A L  GAS VALUES------- 




































































































































































09993 . 9994 
.9995 
09996 




































e 5 0 0  































R E Y / M  
0 .  
8 882E t06 















1 -124E tJ8 
1.151 E to8 
1 m174EtO8 
1 193Et08 












1 130E to8 
l.llZEt08 
1 092Et08 
1 O f 2 E  to8 
1 052E t o 8  




































































































































P l  = 8 ATM 









































































































































































































































0 9987 . $988 
9991 
































.99 83 . 99 82 
-9982 . 9981 
.9981 
-9981 

















































1 .0068 070 
i . 9979 
.9979 . 9979 
9981 





















.9989 . 9987 



























































8 2 82E 07 

































































































































































P T  = 10 ATH DT = 11.398 KGM/CU CONT I hU ED 


























































































e9244 . 9057 








.66 16 . 6352 






























































w P/PT 1/11 O/OT A / A *  








































































































































































-9981 . 9983 
.9985 . 9987 
.9989 


























TABLE I .  REAL-GAS ISEkTROPIC EXPAkSIONS OF N I T R O G E N  
K.  T T  = 300 K P T  = 15 ATM OT = 17.158 KGM/M3 CONT I K U E O  
L GAMMA w P/PT T/TT D/OT A/A* W P/PT 













































3.304E t 0 7  
4.929E +07 
6.521€+07 








1.892E t o 8  
1.970Et08 
2.039E t J 8  
2.099E t o 8  
2.151E +38 
2.194E t o 8  









2 274E t o 8  
2.257Et08 
2.235€ t o 8  
2.211 E t o 8  




2.051 E t o 8  
2 014E t o 8  
1.976E t 3 8  
1.937Et08 

























































































































































































































































































































































































































































































































1.46 3E to8 
1.646Et08 
1.818Et08 
1 980E to8 
2.132€+08 
2.271 E to8 
2.399Et08 
2.515€+08 










3.063 E N 8  
3.058Et08 
3.047E +08 




2.911 E +08 
2.872€+08 








































































































































PT = 20 ATM OT = 22.823 KGM/M3 CONTI  NUEO 
I?/PT 




































1308 . 1285 
T /TT  
1 .oooo 
09995 
























































































































1 A 0 8 7  
1.6757 












































































































09954 . 9954 
















































I . 9944 






















.9988 . 9985 







,9947 . 9943 . 9938 . 9934 
9930 














































8 167E +O 7 
1.080€+08 
1 337E to8 
1.586EtO8 
1 824E +08 
2.051E to8 
2 266E*08 




3 134E +08 
3.263E to8 


































































~ 9 8 6 3  
-9966 
























1 A 3 5 3  
1.4346 





























































PT = 25 ATM 








































T / T T  
1 .oooo 
09995 























































































































1 -045 8 
1.0872 











































































































































































.9972 . 9977 
.9982 
9987 


































































R E Y / M  
0. 
3.287Et07 
6.552E t o 7  
9.774Et07 
1.293E t38  











4.355E t o 8  
4.485Et08 










4.043 E t o 8  
4 26 8 E t o 8  
4.427E t 3 8  
4.419Et08 
4.367Et08 




4.042E t o 8  















































‘ABLE I .  REAL-GAS I S E N T R O P I C  EXPANSIONS OF NITROGEN 
CONCL UOED 300 K P l  = 30 ATM D T  = 34.258 KGM/M3 
W P / P T  T/TT D/DT &/A* W P /PT  T/TT O/OT A / A *  













































.9839 . ’3716 
























































































































































































































































































1 . 0001 















































-9952 . 9959 
9965 

























e9908 - $902 
e9896 
TABLE K E Y  
T a b l e  number  
I1 
Each t a b l e  a c c o u n t s  f o r  a c e r t a i n  s t a g n a t i o n  t e m p e r a t u r e  
a n d  is  s u b d i v i d e d  ( b y  l e t t e r )  f o r  v a r i o u s  v a l u e s  of  s t a g n a t i o n  
p r e s s u r e .  L i s t s  of t h e  t a b l e - t e m p e r a t u r e  a n d  l e t t e r - p r e s s u r e  
c o r r e s p o n d e n c e  a r e  as  f o l l o w s :  
T t Y l ,  K 
100 































2 0 0  
250 
300 
These t a b l e s  were c o m p i l e d  by  s e l e c t i n g  s t a g n a t i o n  p r e s s u r e  
a n d  t e m p e r a t u r e  a n d  i n c r e m e n t i n g  t h e  u p s t r e a m  Mach number  by 
0 .05  from 1 . 0  t o  3.0.  If t h e  free-stream s a t u r a t i o n  b o u n d a r y  
was reached o r  t h e  t e m p e r a t u r e  d r o p p e d  b e l o w  t h e  t r i p l e  p o i n t  
t e m p e r a t u r e ,  t h e  s o l u t i o n s  were t e r m i n a t e d  b e f o r e  r e a c h i n g  t h e  
maximum Mach number  o f  3 . 0 .  F o r  each s u b d i v i s i o n  o f  a t a b l e ,  
there  a re  two pages o f  i n f o r m a t i o n .  The f i rs t  p a g e  shows each 
o f  t h e  d o w n s t r e a m  f l o w  parameters i n  d i m e n s i o n a l  form a s  wel l  as  
i t s  v a l u e  r e l a t i v e  t o  i t s  u p s t r e a m  v a l u e .  The s e c o n d  page shows 
t h e  r a t i o  o f  each r e l a t i v e  parameter t o  t h e  c o r r e s p o n d i n g  v a l u e  
for a n  i d e a l  d i a t o m i c  g a s .  
105 
TABLE NOMENCLATURE 
D1 s t a t i c  d e n s i t y  u p s t r e a m  of  shock  
D2 s t a t i c  d e n s i t y  downst ream o f  s h o c k  
DT 1 s t a g n a t i o n  d e n s i t y  u p s t r e a m  o f  s h o c k  
DT2/DT1 r a t i o  o f  downst ream s t a g n a t i o n  d e n s i t y  t o  u p s t r e a m  
s t a g n a t i o n  d e n s i t y  
K G M / M 3  k i l o g r a m s  p e r  c u b i c  meter 
M1 u p s t r e a m  Mach number 
M2 downst ream Mach number 
P2 downst ream s t a t i c  p r e s s u r e  
P2/P 1 r a t i o  of downst ream s t a t i c  p r e s s u r e  t o  u p s t r e a m  
s t a t i c  p r e s s u r e  
PT 1 u p s t r e a m  s t a g n a t i o n  p r e s s u r e  
PT2 downst ream s t a g n a t i o n  p r e s s u r e  
T2 downst ream s t a t i c  t e m p e r a t u r e  
T2/T 1 r a t i o  of  u p s t r e a m  s t a t i c  t e m p e r a t u r e  t o  downst ream 
s t a t i c  t e m p e r a t u r e  
106 
I ~ ----- -.-. , . . .,.,.I I ,  1..11.11.111.11 I 1.11 11111 I I 111 I I I I I I I I I 1111111 II I ~ I I 
TT 1 
TT2 
upstream stagnation temperature 
downstream stagnation temperature 
107 
M l  
1.00 





















e 7 1 9 i  




- 5 2 8 9  











TABLE 11. 4EAL-GAS NORMAL-SHOCK S O L U l I O N S  FOQ NITROGEN kT  T T l  100 K 














A ,  P l l  
0 2  
K G H l H 3  
2.203 
2.29r 
2 1 6 9  














9 9 1 1  
.9794 
.9677 
- 9 5 9 2  
. 9 4 4 8  
.9’97 
9130 
D T l  = 3 . 4 8 . 3  K G W H 3  




























































0 9448 . 92 97 
9130 








































TABLE 11. REAL-GAS NORMAL-SHOCK SOLUTIONS F O R  NITROGEN AT T T l  = 100 K 
A .  PT1 = 1. ATM D l 1  = 3.483 K C M l M 3  C ONCLUWEO. 
O T 2 / D T l  M2 PZ/PI T Z / T l  02/01 PT;?/PTl T T 2 / T T l  















































1 . 0 0 0 3  
1 . 0 0 3 9  
1.0001. 



































LAST P O I N T  AT SATUSATION BOUNDARY 















1 9 7 0  
1.75 










- 7 6 1 5  
.7395 
- 7 1 9 4  
.7009 
e6839 
- 6 6 8 3  
e6538 
- 6 4 0 4  
,6279 
- 6 1 6 3  
- 6 0 5 6  






- 6 2 4 6  
.6519 
.6666 












1 2  
K 


















REAL-GAS NO?UAL-SHOCK SOLUTIONS FOR N I T R O G E N  AT T T l  = 1 1 0  K 
A. P T l  = 1. ATM D T l  = 3.151 K C M I 4 3  
0 2  PTZ TT2 P E / P l  



















1 . 0 0 0 0  
.9999 
e 9990 





9 5 8 2  
.9448 
9 2 9 7  
9 1 3 1  






















































































9 8 7 1  





9 1 3 1  





.78  99 
TT2/TTI  




































LAST POINT AT SATURATION 90UNOA4Y 
H i  

















1 - 0 5  
TABLE 111. SEAL-GAS NORMAL SHOCK SOLUTIONS FOR NITROGEN AT 111 = 110 K 


















1 . 0 0 0 0  
1 . 0 0 0 0  


















1 .0002  
1.0003 
I. 0 0 0 4  




1 . 0 0 0 2  








1 . 0 0 0 0  
1 . 0 0 0 1  
l . 0 0 B Z  
1 .0003  
1.00011 




1 . 0 0 0 5  
1.0005 
1 . 0 0 0 5  




1 . 0 0 0 6  

















-9996 . 9995 
1 . 0 0 0 0  
1.0000 
1 . 0 0 0 0  




























.9994 . 9993 
.9992 
.9990 
LAST POINT AT SATURATION SOUNOARY 
1.00  
1 .05  
1 .10  
1 .15  
1 .20  
1 e25 
1 .30  
1 .35  
1 .45  
1 - 9 0  
n2 










TABLE 111. REAL-GAS NO?MAL-SHOCK SOLUTIONS FOR NITROGEN A'T 111 = 110  K 
B. UT1 = 3 .  A l l !  Of1 = 9 . 7 6 1  KGM/M3 
P 2  T7  02  P T Z  1 1 2  P Z / P l  TE/Tl 02/01  PT2/PTl 
ATM K UGM/M3 ATM U 
1 .5885  
1 .6763  
1 e 7 5 3 6  
1.8201 
1 .a760  
1 .9210  
1 .9576 
1 9840 
2 .0012  
2 . a i o i  
91.48 
92 92 
94 .16  
95 .23  




98 .98  
99 .36  
6 .196  
6 . t 3 0  
6 .640  
6 0 8 1 5  
6 . 9 5 6  
7 .066  
7 .144  
7 . 1 9 2  
7 .212  
7 . 2 0 5  






2 .9379  





110 .10  
109 .99  
109 .97  
109 .95  
109 .91  
109 .87  
i09 .?7  
1 0 9 . 0 3  
1 . 0 0 0 0  
1 .1196 
1 2449 
1 .3755  
1 ..5.120 
l i 6 5 4 3  
't';'d023 
"l:;q563 
2 .1160  
2 .2815 
LAST P O I N T  L T  S A W R A T I O N  BOUNDARY 

























,9870 ,. 97 93 
9696 
- 9 5 8 0  
9446 











M i  
1.00  
l r  05  
1 . 1 0  
1.15 
1.20 
1 .25  
1 .30  
1 - 5 5  
1.40 
1.45 
TABLE 111. REAL-GAS NOKMAL SHOCK SOLUTIONS FO!? NITROGEN AT T T l  = 110 K 
6. P T l  = 3 .  A T M  D T I  = 9.761 KGWM3 CONCLUOED. 
t42 P W P l  T 2 l T l  0 2 / 0 1  P T Z / P T l  T T Z / T T l  OTZ/OTl  
(--------------------------- RELATIVE T O  I 3 E A L  D IATOHIC GAS VALUE--------------------------) 










1 . 0 0 0 0  












1 . 0 0 0 9  
l . f lO99 
1 . 0 0 1 0  
1. 1009 
1 . 0 9 0 8  
1.0106 
1.0003 
1 . 0 0 0 0  
1.0004' . ' 
1. opp) ' : 
i . aoe%-  
1 . 0 0 0 7  
1 . 0 0 0 9  
1 . 0 0 1 0  
1 . 0 0 1 1  
1 .0012  











1 .0000  
1 .0000  






















M I  
1.00 
n 2  
TABLE 111. 
P2 T 2  
arn K 
, 0 0 0 0  6522 9 1  - 3 6  
1.05 e9526  2 .7992  92.81 
1.10 e9211 2.9272 9w.05 
' 1.15 - 8 7 4 5  3.0374 95.13 
.1.20 -8417 3.1304 96.06 . .  
REAL-t AS NORH AL-SMOCK 
C. P T L  = 5 .  ATn 
D2 PT2 
~ t n / n 3  a T n .  
10 .680 5 . 0 0 0 9  
11 .103 5 . 3 0 0 1  
11.463 S.99*5 
1 1 . 7 6 4  h a 9 0 3 3  
12 .008  C. 9637 
SOLUTIONS FOR NITROGEN AT T T l  = 110 K 
011 16.D50 KGWM3 
T f 2  P 2 / P I  1 2 / 1 1  02/01 PT21PTl 
K 
10.00 1.0000 1.0000 1.0000 1.0002 
.10 .00  1 ~ 1 1 9 5  1.0335 1.0847 1.0000 
.09.99 1;'2443 l o 0 6 6 1  1.1702 .9989 
.09.98 1 . m 6  i . a w a  1.2563 9 9 6 7  
.09.35 i ; P i t 6 :  lo1296 1.3432 0 9 9 2 7  
LAST POINT A T  SATURATION BOUNOARV 
T T t / T T l  
1.0000 
1.0000 
09999 . 9998 . 99% 
D T 2 / D t l  
1.0001 
1.0000 . 9989 
9927 
b 9966 
H i  " .  --.. , . 
. . .  
1.00 




TABLE 111. REAL-GAS NORMAL SHOCK SOLUTIONS FOR NITROGEN AT T T l  110  K 
C. P T t  5 .  ATM OTl = 16.850 KCHIM3 CONCLUDEO. 
M2 P Z t P l  T Z / T l  DEI01 
(---------------------------RELATIYE T O  I D E A L  O I A T O I I I C  
I '.*I . ~...   - -  ~...  
. . . . ..i.Oooa - '>- ; .  - i . .oooo 1 . 0 0 0 0  1 . 0 0 0 0 ~ .  .- ..-. 
.999c'  -.-,-.-... . f , . a o o u ~  - - - - ,  1 . 0 0 0 6  1 . 0  00 I - 
.9993 
.9995 9982 
.9995 ~ - .  .~.___i..oati- - _._ 1.0009 
1. 0019- ..- . . . i .oa io-  . .9994 .99nn 
1 .0015  . I. 0012 
PT P I P T I  T T W T f l  . D T E I O T I  
G A S .  VI\LUE-------------------------~ . .  
1.0002 1.0000 1.0001 
1.0001 1.0000 
1.0000 . 9999 
.9998 . 9999 1.0000 
9999 ,9995 9999 
1.0002 . 0 
- 
LAST POINT b T  SPTURATION 0OUNBARI 













. I C 6 0  










n 2  
1.0000 
.¶531 









.. .66R 3 
.6*0 4 








. 5 n 6 i  
- 5 6 1  2 
P 2  
ATM 














e 6 5 9 8  
a 6 2 9 9  
- 6 6 9 5  














1 0  5.94 






1 1 0 . 0 1  
110 e 7 6  









.. . , 
REAL-CAS NORVAL-SHOCK SOLUfIONS FOR NIlROGEN AT T T l  = 120 K 
A. P T l  
0 2  









2 . 1 7 7  
2 . 1 2 6 ,  













= 1. ATM 
DT 2 
ATM 
1 .0000  
.9999 
9990 















- 7 5 7 1  
,7439 
- 7 2 0 5  
,6971 




















































11 NEAP TSIPCE-PDINT TEMPERATURE 




















































9 9 6 7  .. .99 2 8 
- 9 8 7 1  
.9794 
- 9 6 9 7  
.9582 . 9448 
9298 
- 9 1 3 1  






e 7 6 7 1  
.7439 
- 7 2 0 5  
6 9 7 1  
6738 
























D T 2 / D t t  
1.0000 



















~..9989. . . 
.9wo 
























TABLE I V .  REAL-GAS NORMAL-SHOCU SOLUlIONS FOR NITROGEN AT 111 120 K 
























1 .0000  
1 .0000  




















I .  oaao 
t , r J O O O  
1 . 0 0 0 1  
i.aoo2 
1.0003 
1 .0004  
1 . 0 8 0 4  
1 . 0 0 0 4  
i . a o o 4  
i.cJons 
1.0002 
1 . 0 0 0 2  









e 9 9 4 6  
.9909 
.99a4 
i . o o o a  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 .0002  
1 . 0 0 0 2  
1 .0002 ’  
i . o o a 2  
i.oaa? - 
i . o u a 3  
1.0007 
1 .0002  
t . 0 0 0 2  
1 . 0 0 0 2  
1 . 0 0 0 2  
1 .0802  
1 .0003  
1.0003 











1 .0000  
1 .0000 
1 . 0 0 0 0  
1.0000 



























































i . a o o o  
T i  NEAR T R I P L E - P O I N T  TEMPERATURE 
TAELE IV. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 120 K 
8.  P T l  .= 3. ATH 011 = 8 . 0 4 8  KCWH3 




















- 9 5 2 9  
.9113 
e8746 
- 8 4 1 8  
ma123 
.7857 
- 7 6 1 5  
.7395 




- 6 5 3 7  
,6403 




























































































































































9 9 2 8  
- 9 8 7 0  
,9793 
9697 
9 5 8 1  
,9447 
9 2 9 6  
~ 9 1 2 9  
e 8949 
- 8 7 5 6  
8552 
,8340 . 8120 
TT2/TT l  
1.0000 
1 .0000  













9 9 5 1  
.9945 















8546 . 8333 
,8112 
LAST POINT AT SATURATION BOUNDARV 
H i  
















1 .80  


































1 . 0 0 0 0  
1.0003 













i . o n o 3  
i .oon9 
1 . 0 0 0 0  
1.0002 
1.ooocr 









1 .0006  
1 .0007  
1.0007 
1 .0007  
1.0008 
1 .0000  
1 .0000 
1.0000 














1 .0000  
1 . 0 0 0 0  































. w e  















1 . O O O D  
e9527 




- 7 8 5 6  
,7614 
. I 3 9 4  
- 7 1 9 3  
- 7 0 0 8  
,6837 
- 6 6 8 1  
TABLE I V .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITUOGEN AT T T l  = 120 K 
C. P T l  = 5 .  ATM U T 1  = 15.133 KGH/N3 
P2 1 2  02  PTZ TTZ P 2 / P l  12 /11  0 2 / 0 1  






































1 1 . 0 4 1  
10 .926 
















1 1 9 . 9 8  







1 1 9  4 9  
119.38  







































P T Z / P T l  
1 . 0 0 0 1  
0 9 9 9 9  
9990 
9 9 6 7  
9 9 2 9  
e 9 8 7 1  
, 9 7 9 4  
9 6 9 7  
, 9 5 8 1  
, 9 4 4 7  
9296 
e 9 1  2 9  
a 8 9 4 8  
TTE/TT l  O T Z / O T l  
1 . 0 0 0 0  1 .0000  
1 . 0 0 0 0  .9999 
.9999 .9989 
.9998 9 9 6 7  
9996 9928 
.9394 - 9 8 7 0  
9990 9792 
,99  65 ,9695 
,9979 .9578 
,9973 .9443 
.9965 9 2 9 2  
.9957 ,9122 . 9948 - 8 9 4 0  
LAST POINT A T  SATURATION BOUNDARY 














TABLE I V .  REAL-GAS NORKAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 120 K 
C. P T l  = 5. ATH D T l  = 15.133 KG!I/*S CONCLUDED. 
D T 2 / 0 1 1  t12 P Z / P l  T Z f T 1  DZ/Dl PJZ/PTl  TTP/TTI  















































1 .0007  
1.0007 









































9992 . 9990 
9987 
_-. 





























- _  . .  TABLE I V .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  120 K 
D. PTl  = 8 ,  ATM 011 = 25.260 KGMtM3 








l O € . t 8  
106.93 
DZ PT2 TT2 P 2 I P l  
~ c n / n s  ATM K 
16 .024 
16 .659 






e . 0 0 0 4  





r .  33b7 












l a 3 7 3 6  
1+;10 9 2  
1 .6506 
1. 7.9m ir 
1 .9507 

















1 6 0 4 1  






e 9 8 7 1  
.9793 


















9 6 9 3  
CAST COXNT AT SATURATION BOUNDARY 
: 
f l l  








TABLE I V .  REAL-GAS NOWAL-SHOCK SOLUTIONS FOR NITROGEN bT I l l  120 K 
D T i  = 75.260 KGM/M3 CONCLUOEO. 0 .  P T l  = 8 .  ATH 
















1 . r J O O O  
1 .6009 
1 . 0 0 1 ~  
1 .0018 
1 . 0 0 2 1  
1.0022 
1. 0 0 2 1  
1 .0019 
02/01 
TO IDEAL DIAr f lM IC  
. ,~.. 
1.0008"~.  




























.9997 . 99% 
TAOLE V. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 130 K 

































- 8 1 2 4  
.7857 
- 7 6 1 6  
,7395 
- 7 1 9 4  





- 6 2 8 0  
- 6 1 6 4  



































~ 5 1 2 3  
4 9 6 1  


















120 6 1  
120 .89 
1 2 1  e14 







A. P T l  = 1. A T M  
0 2  
KGM/M3 
























l a r 3 8  
1.391 














. n a i  
- 9 2 9 8  




. 7 5 7 2  
- 7 2 0 6  
.6973 
7440 
a 6 7 3 9  
, 6 5 0 8  
6 2 T 8  
.bas2 
Q T l  = 
TT2 
K 















































































































9 9 6 7  
9 9 2 8  
- 9 8 7 1  
.9794 
9697 












- 7 2 0 6  
e 6973 
6739 
- 6 5 0 8  
06278 
06052 




































9 5 8 1  
.9448 
9297 















T i  NEAR TRSPLE-POINT TEMPERATURE 









































.9999 . 9999 
.9998 







1 .0000  
1 , 0 0 0 0  
1 . 0 0 0 0  


































1 . 0 0 0 1  
















1 .0001  
1.0091 
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1.0001. 
1 . 0 0 0 1  
1.0001 
1.0001 
1 .0000  
1.0000 
1.0000 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1.0000 
1.0090 
1 .0000  
1.0001 
1.0001 
1 .0001  
1.0091 
1.0001 














































































T l  NEAR TRIPLE-POINT TEWPERATURE 
H l  H2 
1.00 1 .0000  
1.05 - 9 5 2 9  
1 .10  - 9 1 1 4  
le15 ~ 8 7 4 6  
1.20 e8418 







l e 6 0  e6682 
1 .65  - 6 5 3 8  
1 .70  e6404 
1.75 a6279 
1 .80  a6163 
le85 - 6 0 5 5  
1.90 .5955 
1.95 - 5 8 6 0  
2.00 5 772 
2.05 - 5 6 8 9  

















1 . 9 1 9 1  
1.8862 
1.8496 
1 . 8 1 0 1  


























i a 9 . m  
B. P T l  = 3 .  ATP 011 = 8 . 1 0 2  KGWR3 
TbtlLE V. REAL-GAS NORHlL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 1 3 0  K 
0 2  
KGn/H3 
5 . 1 3 8  
5 . 3 3 9  











5 . 7 7 8  





5 . 0 9 8  
4 . 9 6 1  
4.820 






2 . 9 5 1 1  
2. 9380 
























1 2 9 . 9 4  
1 2 9 . 9 1  
129.97  
129.83  
1 2 9 . 7 9  
123.74  








129 .15  
129.08  
P 2 / P l  
1 .0000  
1 . 1 1 9 6  
1.2449 
1 .3759 







?, .‘,‘6 3 1 9 
2 . 8 1 5 1  
3 . 0 0 4 1  
3 . 1 9 8 9  
3 .3995 




























LAST POINT AT SATURATION BOUNDARV 
0 2 / 0 1  
i .aooo 





















P l Z / P t l  
1.0000 
e 9999 
e 9 9 8 9  
e 9967 




e 9 5 8 1  . 9 4 4 7  
- 9 2 9 7  
e 9130 
8950 . 8757 
e 8554 
6 3 4 2  . 8122 
.78 97 
e 7 6 6 8  
0 7 4 3 5  
e 7 2 0 1  
6 9 6 7  
T f 2 / 1 1 1  
1.0000 
1.0000 
1 ~ 0 0 0 0  
e 9999 
e9998 








9 9 6 1  
e 9956 




D l  2/01 1 
l e  0000  . 9 9 9 9  
e 9 9 8 9  
9967 
9 9 2 7  
e9870 
.9793 
e9696. . 9580 





e 8550 . 8337 
8117 
e 7 8 9 1  
e 7661 
e 7 4 2 9  
e 7194 
6 9 5 9  













































1 . 0 0 0 0  



























1 . 0 0 0 9  
1.0009 
1 .0008  
1.0007 
1 0005  
1.0003 












1 . 0 0 0 2  
1.0002 
1.0001 
1 . 0 0 0 1  
1 . 0 0 0 1  I 
1.0000. 
1 .0001 
1 .0001  
1 . 0 0 0 1  
1 .0001  
1 . 0 0 0 1  
1.0001 
1.0001 
1 . 0 0 0 1  




1 .0002  























1 .0000  
1 .0000  









































LAST POINT AT SATURATION BOUNOAII 
TABLE V. REAL-GAS NOPMAL-SHOCK SOLUTIONS :f~OR-NITROGEN AT 111 = 1 3 0  K 
C. P T l  = 5. ATM n T 1  = 13.773 Yt!4/H3 




















n 2  
1.0000 













- 6 4 0 3  
- 6 2 7 8  
e6162 
- 6 0 5 4  
.5953 
P2 




















1 2  
U 
108.01 


















0 2  P T 2 ,  T i ?  , P Z / P l  


















~ 0 . a 8 5  









I*. 7 9 0 9  
4.7239 





































2:. 2 (I 0 4 
2::4516 




























0 2 / D l  


























9 6 9 7  
e9582. 




8 7 5 7 ,  
.a553 





T T 2 / T l l  










9966 . 9959 


















~ 9 1 2 6  
.a944 
8 7 5 1  
.e 8546 
.a333 . 8112 
07886 
7655 
LAST POINT .AT SATURATION BOUNDARY 




















TABLE V. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 1 3 0  K 
C. P T l  = 5. ATH O T I  = 13.773 KtM/H3 CONCLUDED 
ne P Z l P l  T 2 I T l  02 /01  TTZ/TTl 0 r 2 /  DT 1 
(--------------------------- BELATIVF TO IOEAL DIATOMIC GAS VALUE--------------------------- 1 


















~ 9 9 9 6  
.9995 



















1 .0000  
1 . 0 0 0 5  







1 . 0 1 ) l O  









1 . 0 0 0 0  
1 .0002  
1 . 0 0 0 4  
1.0002 
1 . 0 0 0 1  
1 . 0 0 0 0  
1 .0000  






































































































TABLE V. RE4L-CAS NORMAL-SHOSK SOLUTIONS FOR NITQOCEN AT 111 = 130 K 
0. P T l  = 8 .  A T M  D T 1  = 22.741 KGM/N3 
P2 1 2  0 2  PT2 TT 2 P 2 / P l  T Z / T t  0 2 / 9 1  
ATM I( KG!l/H3 ATY K 
4.?365 



















































































































9 9 6 7  
.9928 
9 8 7 1  
9 6 9 7  
9 5 8 1  
.9447 





T 1 2 / T l l  









- 9 9 5 6  
.9945 
.9934 












































I. 0 0 0 0  














i . o o o n  
1.01113 
























1 .0000  










































LAST POINT & T  SATURATION BOUNOARY 













1 . o o o o  
a9523 








e 7 0 0 6  
a6836 
TABLE V. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 130 K 
E. ? T i  = 1 0 .  ATM m i  = z9.iw1 K G w u S  
P 2  T 2  0 2  P12 1 1 2  P 2 / P l  T Z / T l  02/01 
























117 .71  
18.456 
19 .107  









2 1.22 1. 
















129.93  1.5089 





































































L A S T  P o I m  A T  SATURATICN BOUNDARV 
M i  
1.00 
1.05 










TABLE V .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 130 K 
E. P T l  = 1 0 .  ATM U T 1  = 29.0611 K G H l M 3  CONCLUOEO. 
M2 PE/P1 T 2 / 1 1  D Z l D l  T T E / T T l  DT2 /OTl  P T Z l F T l  
(- ------ ------------- ------- RELATIVE T O  IDEAL DIATOMIC GAS VALUE--------------------------) 
























1 . 0 0 0 0  
I. 0 0 1 0  
1 .0016  




1 . 0 0 2 3  
1 . 0 0 2 0  
1 .0015  
1.0009 
1 . 0 0 0 1  
1 . 0 0 0 0  
l.OOOC, 










1 .0001  
1 . 0 0 0 0  
1.0000 
1 .0000  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 .0001  
1 .0001  
1.0000 
1 . 0 0 0 0  
,9999 
9998 













1 . 0 0 0 0  
1 .0000  
1 .0000  












M i  
1.00 
1.05 
1 - 1 0  
1.15 
1.20 
1 - 2 5  
1 -30  
1.35 
l e 4 0  






1 -75  
1.80 













































































































RELL-GAS NORRLL-SWOCK SOLUTIONS FOR NITROG€N A T  T T l  140 K 


































































































































T 2 / T l  
1 .0000 




















l e  7273 





l e 9 9 0 5  
2.0374 






























































































OT 2/01 1 






























T l  NEAR 1RIPLE-POINT TEMPERATURE 





























































1 . 0 0 0 0  
1 ,0000  
1 . 0 0 0 0  
1 .0000  


























1 . 0 0 0 0  
1 . O r ) O t  
1.0002 
1 . 0 0 0 2  
l r0003  
1 . 0 0 0 3  
1 . 0 0 0 4  
1 . 0 0 0 3  
1 .0003 
1 . O O O t  
1 . 0 0 0 2  
1 . 0 0 0 1  
1 . 0 0 0 1  
















1 . l r ) B C  
1.0000 
1 . 0 0 0 0  











































1.0000 . 9999 

















0 9997 . 9997 





























09999 . 9999 
09999 . 9999 
.9998 
9998 . 9998 
,9997 . 9997 
09996 
09996 








T l  NEAP, TRIPLE-POINT TEMPERATURE 
fll 
1 . 0 0  
1.05 
1 . 1 0  
1.15 
1.20 
1 - 2 5  
1.30 


























. l a 5 7  
. r395 








- 6 2 7 9  





























i . 9 4 n  
1 . ~ 8 6 3  
1 8498 









TABLE V I .  


























1 3 1  10 
131.27 
331.33 
REAL-CAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN 11 T T l  = 140 K 


























































i. 7 c t n  
, D l 1  = 









139. 9 2  




















P 2 / P l  



























LAST POINT AT SATURATION 8QlJNDARV 
. . -  




























/ .  




























P T L / P l I  
1.0002 








9 1 3 1  














- 5 8 2 5  
. 9 9 6 1  

























9925 . 99 20 
DT2/0Tl 
1.0002 














~ 7 8 9 6  
7666 
.7433 
. 7 f 9 9  
6965 
6 7 3 1  





















































































1 .0000  
1.0005 
1.0007 




1 .0008  
1 . 0 0 0 7  
1.0006 
1.01104 















. 9 m  
1.0000 
1.0001 
1 . 0 0 0 1  
1 . 0 0 0 1  















































































09999 . 9999 
.9999 
e9999 




























































































































































4 0  96bO 























1 4 0 . 0 0  



















































































































































































































































1 .0000  
1.0fi05 
1 . 0 0 0 8  
1 . 0 0 1 1  
1 .0012  
1 .0013  
1 . 0 0 1 4  
1 . 0 0 1 3  
l . O O l 2  
1 . o n i r  














1 . 0 0 0 0  
1 . 0 0 0 1  














































1 . o o o o  
1 .0000  
























1 .0000  
1 .0000  
1.0000 
1.0000 























l e 1 0  
1.15 
l e 2 0  
1 .25  
1 e30 




l e 5 5  
1.60 
l e 6 5  
1 .70  
1 - 1 5  
1.80 
1.85 
l e 9 0  
1.95 
ti2 








































4 . 8 2 5 2  
4 .7126  
TABLE V I e  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN A t  T T l  = 140 K 
0 .  P l l  = 8 .  A T M  O T L  20.750 KGH/!43 












126 .72  
127.17 








0 2  
KGH/t43 
13 .173  
13 .691  
14 .135  
14 .504  
14 ,805  
15.037 
15 .203  
1 5 . 3 0 5  
15 .348  
15.269 
15 .153  
14 .996  
15 .334  
14 .801  
14 .571  
14 .025  
13.390 
16 -31  1 
13.717 
13 .048  
PT2 
























1 4 0 . 0 0  
139 .99  
139 .98  
139.95 
139 .91  
139 .85  
139.79 
139.70 
139 .61  
139 .50  
139 .38  
t39 .25  
139 .12  
138 .97  
138 .82  
130 .66  
138 .50  
138 .33  





1 e 3746 
1 .5107 
1.6525 
1 . 8 0 0 2  













1 2 / 1 1  

















l e 6 0 1 3  
l e 6 3 9 1  
1.2570 
0 2 / 0 1  





















l e 0 0 0 1  



















t T 2 / 1 1 1  
l e O O O O  








































LhST POINT A T  Sh lURhl ION BOUNDARI 




























































I. 0 0 0 0  










1 . 0 0 0 7  
1.0002 
,9996 . . 
,9990 
.9982 




1 . 0 0 0 1  




.9991 1 -  
,9909, 











* .9988. .  









































1 . 0 0 0 1  
1 .0001  
1.0000 
1 .0001  
1 .0001  
1.0001 









0 9985 . 9982 
9978 
.99 75 
*i9992 . . - '  
LAST POINT A T  SATUSATION BOUNOARY 
M i  
1 .00  
1.05 




1 .30  
1 .35  






1 - 7 5  
1.80 
1.85 
1 .50  
n2 
1 .0000  
a9525 





- 7 6 1 4  
.7393 




- 6 5 3 5  
640 1 
0 6 2 7 6  
e 6 1 6 1  
- 6 0 5 3  









































REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NflROGEN AT T T I  = 1 4 0  K 












1 9 . 4 2 1  
19 .267 
1 9 . 0 6 7  
18 .818 












9. g r i i  














1 4 0 . 0 0  
1 3 9 . 9 9  
139.94 









1 3 8 . 7 1  
138.90  
i 3 n . 5 2  
1 3 8 . 3 2  
1 3 8 . 1 2  
P 2 / P l  
1 . 0 0 0 0  
1 1.195 















I .  5 0 9 7  
LAST POINT A T  SATURATION BOUNDARY 





































2 4 3 4 9  










. 9 4 4 9  
9 2 9 9  
- 9 1 3 2  
8 9 5 2  
.E759 . 8555 
8 3 4 2  . 8122 
e 7 8 9 6  
T T 2 / t T I  
1.0000 




09981 . 9974 
9965 
9956 . 9945 . 9933 
9921 . 9908 
09894 
e 98 80 
9866 
OT2/OTI 
1.pooo . 9999 
. 9 9 8 9  
9967 
9 9 2 8  
e 9870 . 9793 
9 6 9 7  




a 8 9 4 6  
.e753 
e 8548 . 8334 
* 8 1 1 3  
m7886 


















1 -65  


















1 . 0 0 0 0  

































































1.0000 . 9999 . 9998 









9981 . 9974 
9965 
-9956 






















LLST POINT A T  SATURATION BWNOAPV 









1 a 4 0  
1 a 4 5  
TABLE V I .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN A T  111 = 140 K 
F. P T l  = 20. ATM O T l  = 57.991 KCM/ f l3  
M2 P2 T 2  0 2  O f 2  TT2 P 2 / P l  1 2 / 1 1  0 2  /Dl 






. 0 4 i s  
- 7 8 5 1  
.7608 
.7387 









































140 e 0 0  















































s 9 5 8 9  
- 9 4 5 6  
TTE/TT l  
1.0000 
1.0000 . 9999 
9 9 9 6 .  . 9991 
.9984 
.9975 









9 8 7 4  
e9798 
9703 . 9589 
9456 
LAST POINT AT SbTURATION BOUNDARY 
1.00 
1.05 








TABLE V I .  M I L - G A S  NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T I  = 140 K 
F. P T l  = 20. ATM D T I  = 57.991 KGMlM3 CONCLUDED 
n 2  P2/P1 T P / T l  0 2 / 0 1  P T 2 / P T l  T T 2 / T T I  D T 2 / D t l  
(--------------------------- DELATIVE T O  IOSAL DIATOti IC GAS VALUE--------------------------) 








































1 .0001  
1.0000 
1 .0001  
1.0002 













9 9 6 3  
.9948 
9 9 3 2  
1.0000 
1.0000 
1 . 0 0 0 1  
1 .0001  






LAST POINT A T  SATURATION BOUNDARY 











































































































































REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NflRObEN AT T l l  * 150 K 
02 





















































































































































































































































1.0000 . 9999 
.9999 
























OT U O l l  




9870 . 9 9 4  
.%97 . 4582 . 9448 . 2298 







.a73 . €740 . E508 
€279 . €053 




T i  NEAR TRIPLE-POINT TEMPERATUQE 
n i  
1.00 
1.05 
























2 .30  
2.35 





TABLE V I I .  REAL-GAS NOFHAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 150 K 
A .  P T l  = 1. ATtl  011 = 2.289 KGnlP3  CONCLUOED. 
nz P Z / P l  T Z l T l  D E I  D l  PTZ/PTl  T t 2 / T t l  D T 2 / D T l  
(--------------------------- RELATIVE TO IOEAL DIATOtIIC GAS VALUE-------------------------) 
1 .0000  
































1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
1 . O O O G  





























1 . 0 0 0 0  
1 . 0 0 0 1  
1 .0002  
1.0002 
1 . 5 0 0 3  
1 . 0 0 0 3  
1 . 0 0 0 3  
1 . 0 0 0 3  
l.rl'JO3 
1 . 0 0 0 3  
1 . 3 5 0 2  
1 . o o o z  
1. DO01 
1 . 0 0 0 0  


















1 . 0 0 0 3  
1 . 0 0 0 0  - 
1 .0000  
1 .0000  
1.0000 
1 . 0 0 0 0  
1 .0000  






































1 .0000  
1 .0000 








































9 9 8 5  
.9984 
















































































1 . G O O O  
.953c 
- 9 1 1 5  
- 8 7 4 6  
841 8 




- 7 1 9 4  
.7OG9 
- 6 8 3 9  





- 6 0 5 6  
. 5955  
- 5 8 6 1  
- 5 7 7 2  
5690 
- 5 6 1 2  
.5539 
- 5 4 6 9  
-5404 
.5343 
- 5 2 8 5  
e5230 
- 5 1 7 8  
- 5 1 2 9  






































































REAL-GAS NOPHAL-SHOCK S O L U t I O N S  FOR NITROGEN AT 111 = 150 K 
R. P T l  = 3. ATM 

































































I .  5560 
1 4950  






































































LAST POINT A T  SATURATION BOUNDARY 
1 2 / T l  
1.0000 
































































P T 2 / P l l  
1.0001 
1 ~ 0 0 0 0  
9991 
9968 
9 9 2 9  
9872 
.9795 










7 9 0 1  




- 6 7 3 9  
- 6 5 0 7  
6 2 7 7  
e 6 0 5 1  
5828 
5 6 0 9  
5396 
5 1  8 7  
.4983 
- 4 7 8 6  





































.2968 . 5929 
- 5 8 7 2  . E795 
.%99 
5 8 3  
9 5449 . 2299 
2132 





.7203 . €969 









n i  
































TARLF VII. REAL-GAS NORMAL-SHOCK SOLUTIONS.FOR NITROGEN AT 111 = 150 K 
e. PTI = 3. A T M  D T I  = 6.951 KGH/M3 CONCL UOEO. 
Y2 P Z / P I  T Z t T l  02 /01  PTZ/PTl  T T 2 / T T l  oT2/oTl  

































1 . 0 0 0 @  






























i . o a o o  
































1 . 0 0 0 0  
1 .0000  





























i . o o o a  
1 .0001  
1.0001 
1.0001 
1 .0001  


















m9996 . 9995 
.9993 . 9992 . 9991 . 9990 




























































0 9982 . 9989 . 9978 
09976 
LAST POINT AT SATURATION BOVNDARI 





















































































































140  -26 
140 34 
REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T I  150 K 




























































































P 2 / P l  
















































































































































.5999 . 5989 
5967 
,5928 
5870 . 5794 
.5697 






.as55 . (342 
e C123 . 7897 
7668 
e 7435 
7 2 0 i  
s €966 
€732 




LAST POINT AT SATURATION BOUNDARV 
M i  
1.00 



























TABLE V I I .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T l l  * 150 K 
C.  P T l  = 5. A T M  D T I  = 11.727 KGWM3 CONCLUOEO. 
H2 P Z / P l  T 2 l T l  0 2 / 0 1  PT2/PT l  TTZ/TT l  OTt /OTl  
(--------------------------- RELATIVE T O  XOEAL DIATOMIC GAS VALUE-------------------------- ) 

























































1 . O O O l r  
1.0008 
1.0010 
















- 9 9 7 1  
- 9 9 6 6  





1 . 0 0 0 0  
1.0000 
















































9 9 9 1  




























































LAST POINT AT SATURATION BOUNDARY 




































- 7 1 9 3  
- 7 0 0 8  
- 6 8 3 8  
- 6 6 8 2  
- 6 5 3 7  
- 6 4 0 3  
e6278 
.61€2 
- 6 0 5 4  
.5954 
. 5 8 5 9  
- 5 7 7 1  
- 5 6 8 8  




A T M  
4.2282 




















































REdL-GAS NO'HAL-SHOCK SOLUTIONS FOR NITROGEN d T  T T I  = 150 K 





















































5 . 0 1 7 1  
6.1379 
DT1 = 19.120 KGHlH3 



























P 2 / P I  

























LAST POINT AT SATURATION BOUNDARY 


























0 2 / 0 1  
1.0000 
1.0840 
























I. 0 0 0 1  
.9999 
9990 




- 9 6 9 9  
- 9 5 8 b  
9 4 5 1  
e9300 






























- 9 9 3 1  
9922 




















5132 . e951 . e758 





- 7 1 9 9  
€963 
€729 . €495 
€264 


























TABLE V I I .  REAL-GAS NOPMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 150 K 
D. PT1 = 8 .  ATM 011 = 19.120 KGMlH3 CONCLUDED. 
n2 P2 /P1  T2/Tl 02/01 P T 2 / P T l  T T L / T T l  OT2 / D T l  















































































































































































CAST POINT AT SATURATION BOUNOAQY 
ni 
1 . 0 0  
1 .05  
1 . 1 0  
1 . 1 5  
1 .20  
1 .25  
1 .30  
1 . 3 5  
1.40 
1 . 4 5  
1 .50  
1 .55  
1.60 
1 .65  
1.70 
1.75 
1 .80  
1 . 8 5  
1.90 
1 .95  
2 .00  



































6 .6603  















TABLE V I I .  






130 e 0 1  
131.93  
132.90 









133 .75  
136 18  
137 .28  
137 .76  
138 .34  
138 .42  
138.48 
REAL-GAS NORNAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  150 K 
0 2  
KtH/H3 
15 .383  
15 .907  
16 .934  
16 .503  
17 .2  84 
17 .555  
17 .745  
17 865 
17 .916  
17 .901  
17 .825  
17 .694  
17 .522  
17 .285  
17 .019  
16 .716  
16 .384  
1 6 . 0 2 5  
15 .645  
15 .247  
14 .835  
14 .413  



















8 .1271  
7.90 1 4  
7.6715 
7.4386 
7 .2037  
6 .9684 
6.7337 
D T l  = 24.212 KGM/N3 
TT2 P2/Pl  
K 
150.00 1.0000 
150.00  1 .1195 
149 .99  1 .2443  
149 .98  1 .3744  
149 .95  1 .5104  
149.90  1 .6521 
149.04 1 . f 9 9 7  
149 .77  1.9530 
149.68  2 .1121 
149.45  2 .4476  
149.32  2 .6241 
149.18  2 .8064  
149.03  2 .9944 
1 4 8 . 8 7  3.1883 
148.70 3.3880 
148.53  3 .5934 
148.35  3 .8048 
148.17  4 .0220 
147.98  4 .2449 
147 .79  4 .4738  
147.60 4 .7085 
147 .42  4 .9491  
149.51  2 .2770 
LAST P O I N T  AT SATURATION BOUNOfiRI 
T2/T1 















































P T 2 / P T l  





.9813 . 97 95 
9699 














1.oooo i, coo1 
i . oooo  
1 .0000 1. a000 . 5990 
.9998 -5968 
9996 5929 
.9993 -5872  
.9989 . 4794 
9984 4698 
.9978 5582 
9971 . 4449 
-9964 5298 
,9955 5132 
.9935 . (758 
-9925 .@555 
99 14 (342 






.9945 . e951 
,9902 . e122 























2 . 1 9  
TABLF V I I .  REAL-GAS NOFMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T I  = 1 5 0  K 
E. PTI = in. A T W  011 = 24 .212  K G f l / M 3  CONCLUDED. 
M ?  P 2 t P 1  T 2 t T l  D Z / D l  P T E I P T I  1 1 2  / 111 O T Z / O t I  










































1 . 1 0 0 0  
l . i l 0 0 8  
1 .3 r J l3  
1.0317 














9 9 6 2  
.9954 
.9945 






























































































LAST POINT A T  SATURATION BOUNDARY 
! 

















H 2  
1 . 0 0 0 0  
- 9 5 1  8 
.911@ 
. R 7 4 4  
.du16 
. R l Z O  
.7853 
- 7 6 1 0  




- 6 6 7 5  
- 6 5 3 0  
,6395 
- 6 2 7 1  
P 2  















1 2  9 8 5.2 
12.7955 












I ~ L . R ~  






REAL-GAS NOFMAL-SHOCK SOLUTIONS FOR N I r R O t E N  AT T T l  = 150 K 







































































2 . i n i i  







































- 9 9 3 0  
.9873 
.9798 




9 1 4 3  
8964 
8772 
8 5 6 9  
.a357 










9 9 2 9  





OT 2/ O t  i 
I. 0000 . 4999 
.5990 
5968 
5929 . 5873 
5798 





b 7 i  
8358 


















TABLE V I I .  RFAL-GAS NOFM4L-SHOCK SOLUTIONS FOQ NITROGEN AT T T I  I 150 U 
F. P T 1  = PO. A T M  D T I  = 51.941 KGHlM3 CONCLUDED. 
l T 2 / T l l  0 1 2 / 0 1 1  %2 PZ/Pl T t l T l  02/01 P T Z / P T I  
(--------------------------- RELATIVE TO IDEAL DIATOMIC GAS VALUE--------------------------) 












































































































I. 00 16 
1.0016 
1.0015 
LAST POINT AT SATURATION BOUNDARY 





















- 7 3 8 1  
e7178 
.5992 
TABLF VfI. REAL-GAS NORHOL-SHOCK SOLUTIONS FOR NITROGEN AT TT l  = 150 K 
t. P T l  = 30. OTM DT l  = 84.460 KGM/M3 
P2 T 2  02 PT2 TT 2 P2 /P l  72/11 02/01 P 1 2 / P l l  

































































































- 9 6 0 1  
9472 
9325 
1121 tt 1 
1.0000 








O t  21011 











LAST POINT A T  SATUP,ATION BOUYDAQI 
n i  
1 00 
1 .05  
1.10 







1 - 5 0  
TABLE V I I .  RFAL-GAS NOJHAL-SHOCK SOLUTIONS FOR N I T R O G E N  AT T T l  = 1 5 0  K 
G. P T l  = 3G. ATt4 D T l  = 84.460 K G M / 1 3  CONCLUOEO. 
3 2  PZ/Pl  T 2 / T l  D Z / D l  T T 2 / T T l  OT2 /OTl  PT 2 /PT 1 
(--------------------------- R E L A T I V E  T O  IOCAC DIATObl IC GAS VALUE-------------------------) 
1 . 0 0 0 0  
.9986 
e9990 






- 9 9 7 6  
.9973 





























- 9 8 6 3  
.9855 
.9955 
. 9 8 i 7  
1. O O G l  
1 .0000  




1 . 0 0 1 1  
1.0015 
I. 0 0 2 0  
1 .0025  






- 9 9 8 2  
e 9971 
.9957 
9 9 4 1  

























l e 5 5  
1.60 
1.65 






















































































































































T4BLE VIII. RE4L-GAS NORYAL-SHOCK 5OLUTIONS FOR NITROGEN AT 111 = 175 K . 





































- 7 3 6  
,707 

















































































































































l e  4230 
1.4585 








1 e 8126 
1.8562 
























































. .  









































? "  
TT2/ TT 1 
1.0000 





















































































































1 . 0 0 0 0  




















































































1 . 0 0 0 2  
1 .0003 





1 .0002  
1 .0002 
















































































1 . 0 0 0 1  
1.0001 




































































1 .0000  
1.0000 
1 .0000  
1.0000 
1.0000 
1 .0000  








1 . 0 0 0 1  
1.0001 























































M 2  
1.0000 
-9530 


























































































































REAL-GAS NORH4L-SHOCK SOLUTIONS FOR NITROGEN AT T11 = 175 K 
02 






























































































































5.915 K G W M 3  

















































































































































































































































M i  
1 .00  
1.05 














































































1 . 0 0 0 0  
1 . 0 0 0 0  











































1 s  0007  
1.0007 
1.0007 
1 0 0 0 0 7  
1 .0086  
1 .0006  
1.00'55 
1.0004 
1 . 0 0 0 3  
1.0002 
1 . 4 0 0 1  


































































































- 9 9 9 6  
09995 . 9994 
.9993 
9992 . 9 9 9 1  










































































M i  
1.00 

























































. r i 9 4  
.6538 















. 4 9 i r  
. 484r  






































1 .I 888 














































REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 175 K 
D2 
K G M / M 3  
6.303 













































































1 8641  
1.7661 
011 = 
1 1 2  
K 




i r 4 . 9 8  
174.96 































































6 .  ~ 2 2 1  
































l a l 2 6 0  









































































. a349  
e8130 





















. 4 r 9 i  
TT2/TTl 














































































. 4 7 9 i  
LAST POINT A T  5ATURATION BOUNDARY 
. _- 








































TABLE V I I I .  REAL-GAS NORM4L-SHOCK SOLUTIONS FOP NITROGEN A T  T T l  = 1 7 5  K 








































1 . 0 0 0 0  






































1. r l o o o  
1 . 0 9 0 3  
1.0906 
1 .0000  
I. 0 0 0 9  
1.0010 
1.0011 
1 . 0 0 1 1  
l . O l t 1  
1.0010 
1 .0009  
1 .0008  
1 .0007  
1 . 0 ~ 0 5  
i . n o o i  




9 3 9 1  
.9988 
.9986 













9 9 5 1  
9950 
.9948 


























































































































































L A S T  POINT a i  SATURATION BOUNOARI 
T A R E  V I I I e  REAL-GAS NORMAL-SHOCK SOLUTIONS FOP NITROGEN AT T T I  = 175 K 






















































































































































0 .  P T l  = 8 .  ATY D T l  = 16.861 KGn/l 
02 PT2 112 P 2 / P l  
K G W M 3  ATH K 








































































































































































































































































































































LAST POINT AT SATUSATION 80UNDARI 




































































.9998 . 9998 
89997 . 9998 
1 .0000  



































i . o a o o  
1.0005 
1.0009 








1 . 0 0 1 2  
1.0009 
1.0006 





















I .  0003 










































1 .0001  










1 .0008  
i .aoob 













.9992 . 9989 . 99@7 . 9985 






































































LAST POINT AT SATURATION BOUNDARY 
TABLE V I I I .  I l l  = 119 u 





































- 9 5 2 8  





- 7 6 1 5  
.7395 
- 7 1 9 3  





































































1 5 7  89 


























E. PTL = 1 0 .  ATH 








































































OTL = 20.224 KGM/H3 


































171 7 5  
171.63 
P E / P l  









































1 1 9 3 2  



















1 0 9 3 5 3  















































9 9 2 9  
98 72 











7 9 1 1  
7 6 8 2  
7450 
7 2 1 6  
6 9 8 2  
e6748 
6516 













































































a 4 7 9 1  
.4598 
04411 
LAST POINT A T  SATURATION BOUNDAPI 


































































.9998 . 9997 
.9997 
1.0000 
1 . 0 0 0 0  
































1 . 0 0 0 0  
1.0006 
1 . 0 0 1 1  
1.0014 
1 . 0 0 1 5  
l.C)018 
1.0019 
1 . 0 0 3 0  
1.0919 
1. 0 0 1 8  
1.0016 
1 . 0 0 1 4  



















9 9 1 1  
9907 
.9941 





































































1 .0000  
































































LAST POINT AT SATURATION BOUNDARY 
TABLE VIII. REAL-GAS NUKnAL-SHUGK 'JULUIIUNS F U K  NLIKUbtN A I  1 1 1  = lf5 IC 










































































1 2  9793 








1 0  e5799 


























160 e 6 5  
160 -65 
160 63 
160 e 6 1  
160 e56 
160 ~ 5 1  
160.27 
160.51 
























































































170  e 34 
169.79 
174.96 
1 7 0 . 0 6  























































































P T L / P T l  
1 .0000  











































































-6079 . 5854 
a5634 





























TABLE V I I I .  REPL-GAS NORMAL-3HOCK SOLUTIONS FOR NITROGEN AT T T l  = 175 K 
F .  P T l  = 20. ATH O T l  = 41.990 K G M l M 3  CONCLUDEO. 
OT2 /DTl  T T Z / l T l  P T 2 / P T l  M2 ? 2 / P I  1 2 / 1 1  0 2 / 0 1  










































992  T 














1 . 0 0 0 0  















































































































1 .0000  
1.0000  

























LAST POINT AT SATUR4l ION BOUNDARY 
TABLE VIII. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROG€N A 1  111 = 175 K 

























M 2  
1.0000 




















. 5 6 8 1  






















































G. P T l  = 30. ATM 




































































































































































- 9 4 7 0  












67  82 
65 4 7  
T T Z / l T I  
1.0000 










.98 4 4  






D 1 2 / 0 1 1  
1.0000 . 9999 
.9990 
9969 

















e 6 5 8 1  
,9006 
LAST POINT A 1  SATURATION B0UNDAP.V 
n1 
1 . 0 0  
1.05 





















’- 1.75 . 
TABLE V I I I .  REAL-GAS NORflAL-SHOCK SOLUTIONS FOR. NITROGEN AT T T I  = 175 K 





















































1 . o n . w  
1.0040 




i . o a i 8  
.99n4 










. 9 m 9  


























1 .0000  






































































H i  










































1 .0000  





























































































































190 e 9 4  
191.04 
REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NI fROGEN AT 111 = 200 K 

































- 7 5 1  
-723  
- 6 9 6  































































































P2 /P l  







































































































































































1.0000 . 9999 
.9999 . 9999 . 9998 . 9998 













09990 . 9989 
.9989 . 9988 . 9988 
09987 . 9987 
.9986 
0 9986 . 9985 
-9985 
09985 . 9984 . 9984 
OT 2/OT 1 




.97* . 9&97 
e 9582 
e 9449 . 9298 






















3734 . 3578 
3428 
3284 









































3 .00  
1 . 0 0 0 0  
1 . 0 0 0 0  


























1 . 0 0 0 0  
1 . 0 0 0 0  
1.0000 









i . a o o o  
1 .0000  
1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  

















































1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  





















i . n o o o  


















































1 .0000  
1.0000 
1 . 0 O O c )  
1 . 0 0 0 0  
1.0001 



























1 b O O O O  











































1.0000 .  


















1 .0003  
1 .0003  
1 . 0 0 0 3  
1 .0003  
1.0003 
1.0003 
1 . 0 0 0 3  
1 .0003  
1.0003 
1.0003 








TABLE I X .  REAL-GAS NORflAL-SHOCK SOLUTIONS COQ NITROGEN AT 111 = 200 K 

























































a 6 4 0 4  
- 6 2 8 0  





- 5 6 9 0  
- 5 6 1 2  
.5539 
e5470 














- 4 7 5 1  
- 5 0 3 9  





















































1 R 0 . 1 0  
191.05 
181.90 
























190 e 0 4  
190.14 
190 e 2 4  
190 33 
190 42 
i 89. nt 



















































































l e R 7 3 4  
1.3?04 
9 4 5 1  














































_ I  
0 0 
















































































2 - 6 1 5 3  
20 6734 
0 7 / 0 1  



















































~ 9 4 5 0  
9300 









7 2 1  3 
6979 














































~ 9 9 6 9  
9967 
- 9 9 6 6  





































60 6 1  
,5838 
5620 
e 5 4 0 6  






















































3 .00  
TABLE I X .  REAL-GAS NORAWL-SHOCY SOLUTIONS FOR NITROGEN AT 111 = 200 K 
B .  P T l  = 3. ATH D T l  = 5.155 K G M l t l 3  CONCLUDED. 
T T Z / T T l  n2 P2/P1 1 2 / 1 1  02 /01  PT2/PT l  
(--------------------------- RELATIVE T O  IDEAL DIATOMIC GAS VALUE------------- 


























1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  









.9999 . 9999 
.9998 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
.9999 
.9999 









































1 .0006  
1.0006 
1.000 6 
1 . 0 0 0 6  

















































































































1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  
















































































TABLE I X .  REAL-GAS NORHAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 200 K 
' H l  
1 . 0 0  
1 .05  
1 . 1 0  
1 - 1 5  
1 .20  
1 - 2 5  
1.30 
1 .35  
1 .40  
1 .45  
1 .50  
1 a55 
1 .65  
1 .70  
1 .75  
1.80 
1.85 
1 . 9 0  
1 .95  
2.00 
2 .05  
2.10 
2 .15  
2 .20  
2 . 2 5  
2 .30  
2 .35  
2 .40  
2 .45  
2 .50  
2 .55  
2.60 
2 - 6 5  
2 .70  
2 .75  
2 . 8 0  
2 .85  
2.90 
2 - 9 5  
3.00 
1 .60  
ti2 










































































2 . 0 1 0 1  















176 .41  
177 .74  
178 .93  
179 .98  
180.92  
181 .76  
182.52 
183 .81  
184.37 
184 .87  
105 e32 
185 .74  
186.12 
186.46 
187 .06  
187 32 
187 .57  
171.22 
183 .20  
186 .77  
187 .79  
187 .99  
l .88.19 
188.36  
188 .52  
188 .67  
1 8 8 . 8 1  
188.94 
189.06 
189 .17  
189 .28  
i w . 3 a  
189.rt7 






5 .477  
5 690 
5 .875  
6 .030  
6 .155  
6 . 2 5 2  
6 .321  
6 . 3 8 3  
6 .352  
6 .307  
6 .243  
6 . 1 6 3  
6 .070  
6 .365  
6 . 3 7 8  
5 .963  
5 .846  
5 .720  
5 .586  
5 .446  
5 .302  
5.153 
5 . 0 0 1  
4 . 8 4 8  
4 . 6 9 5  
4 .541  
4 .388  
4 .236  
4 .086  
3 .939  
3 . 7 9 4  
3 .652  
3 .513  
3 .378  
3 .247  
3 . 1 1 9  
2 995 
2 .875  
2 . 7 5 9  
2 .648  






4 .9839  





































O T l  
l T 2  
K 
2 0 0 . 0 0  
2 0 0 . 0 0  
2 0 0 . 0 0  
199 .99  
199 .98  
199 .97  
199 .95  
199 .93  
199 .90  
199 .87  
199 .84  
199 .00  
199 .75  
199 .71  
199 .66  
199 .61  
199 .51  
199 45 
199.40 
199 .34  
199 .29  
199 .23  
199 .18  
199 .12  
199.07 
199 .02  
198 .96  
198 .91  
198 .86  
198.81 
198.77  
198 .72  
198 .63  
198 .59  
198.55 




199 .56  
198 .68  
8 .629  KCH/1(3 




1 . 3 7 6 1  
1.5130 












3 .8210  
4 .0394  
4 .2635 
4 .4935  
4 .7293  
4 .9710 
5 .2185  
5 .7310 
5 .9961  









8 .9676  
9 .2969 
9.6321 
9 .9732  
10 .3200 
5.4719 
T E / T l  









1 0 2 8 8 3  
1 .3213 
1.3548 






























1 . 0 0 0 0  
1.0838 
1 a1686 






































P T Z / P T l  
1 . 0 0 0 1  














8 1  33 
7909 






e 62 88 
a6062 
















T T P / T T l  











.9990 . 9988 
.9985 
9983 


























O t 2 / O T l  
1 .0000 

















































































3 . 0 0  
TABLE I X .  REAL-GAS NORAML-SHOCK SOLUTIONS COR NITROGEll  I f  111 c: 200 K 
C.  P T l  = 5. ATM O T l  = 8.629 KCMtH3 CONCLUOEO. 
D T Z t D T l  1 1 2 / T T l  M2 P2/P1 12 /11  O Z t D l  PTZ/Pll 





























1 . 0 0 0 0  
1.0000 
1.0000 
1.0 000  
1 .0000  







1 . 0 0 0 0  
1 . 0 0 0 0  
1.0000 














































1 .0009  
1 .0009  
1.0009 
1 .0008  
1.0007 






















































































1 . 0 0 0 8  
1.0009 
1 . 0 0 0 9  
1 .0010 








1 . 0 0 1 0  












1 . 0 0 0 0  
1.0000 






























.9932 . 9930 
,9928 
9926 
.9924 . 9922 
e9920 
























1. 00 15 
1.OOlS 
1.0016 
















TA8LE I X .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 200 K 








































2 e 9 5  
3 . 0 0  
n 2  
1.0000 
- 9 5 2 9  
e 9 1 1 4  
,8746 
- 8 4 1 8  
. B i z 4  
,7857 
a7615 
.73 95  
m7194 
.7009 
~ 6 8 4 0  
e6683 
e6538 














- 5 2 3 1  
,5179 
e5130 
- 5 0 8 3  
e5038 




























































































in8 .39  
198.52 







































































&. 6 7 3 4  
4.4986 
4.3774 














































i9n .35  

















































1 0 .  T i t  6 
6.5374 



















































































3 . 8 5 0 0  




- 9 9 6 7  
.9928 




































TT2/ TT 1 
1.0000 






- 9 9 9 2  
.9990 . 99 87 





~ 9 9 6 1  
.9957 






~ 9 9 2 6  
9972 
.9917 










































- 5 0 0 2  
- 4 8 0 4  









. 7 m r  








































3 . 0 0  
2.50 
TARLE I X .  9EAL-G4S NOR4flL-SH3CK SOLUTIONS F O Q  NITROGEN AT 111 = 200 K 







































1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  



















- 9 9 7 6  




















1 . 0 0 0 0  
1 . 0 0 0 4  
1.0007 
1 . 0 0 1 0  




1 .0013  
1 0013 
I -0lI17 
1 . n 0 1 1  
1.0009 
1 .0008  







. 7 7 8 L  













































- 9 9 6 9  














1 .0000  
1 . 0 0 0 0  
1 .0000  





































1 .0001  
1 . 0 0 0 0  
1 . 0 0 0 0  







































1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1.0000 
1.0000 
1 .0001  
1.0002 
































































































































































TABLE I X .  
























































































= 10 .  AT3 
PT2 
A r t 4  









































0 1 1  = 
















































































































































































































3736 . 3579 
3429 . 3284 
l l Z / l T l  
1.0000 


































9844 . 9841 
DT 2/DT 1 





































03586 . 3435 
3290 
. e r n  


































































































































































































































































































































































2 .45  
2 .50  
2.55 







1 . 0 0 0 0  
e9525 
- 9 1 1 1  
.e745 
e8418  
- 8 1 2 3  
a7856 




- 6 8 3 8  
- 6 6 8 2  
- 6 5 3 7  
- 6 4 0 3  
- 6 1 6 3  
- 6 0 5 4  
.5954 
- 5 8 6 0  
m5771 
.5686 




. 6 2 7 8  
.5342 
e5284 
- 5 2 3 0  
,5177 
e5128 




- 4 9 1 7  
e4880 
a4846 








1 2  9766 
1 3  1 5 7 5  
13.3456 
1 3  3 5 9 7  
1 3  3 26b 
13 .2489 
12 .9766 
1 2  e7 922 
12 .5  797 
12 .3433 






















TABLE I X .  








































REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  200 K 
























2 0 . 7 9 9  
20.166 










1 3 . 5 0 1  
1 2 . 9 6 7  
12 .450 


















































































P 2 / P l  






































LAST P O I N T  A T  SATURATION BOUNDARY 





































2 0 4 7 0 3  
1.6820 







































P T 2 l P T l  
1 . 0 0 0 1  
1.0000 
9991 





, 9 5 9 3  
9 4 6 1  











7 0 0 6  
6773 
6 5 4 1  
6 3 1 1  
60 84 
- 5 8 6 0  
5640 
5425 
- 5 2 1 5  
~ 5 0 1 1  
e 4 8 1 1  
- 4 6 1 8  
4430 
4 2 4 9  
- 4 0 7 3  
3 9 0 4  
3740 















- 9 9 3 6  
9926 
9916 






e 9 8 4 1  
m9830 
9 8 1 9  
.98 09 
.9798 . 97 88 
.9778 
9 7 6 8  . 9758 
.97 49 
,9740 





1 . 0 0 0 1  
1.0000 
.9990 
9 9 6 9  
9 9 3 1  
.9875 
. 9 8 0 1  










7 9 4 6  
0 7719 
.7489 
~ 7 2 5 7  





5 6 6 1  
,5446 
- 5 2 3 6  
- 5 0 3 1  
- 4 8 3 1  
4638 
4450 











































TABLE I X .  REAL-GAS NORAHL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 200 K 
F. PT1 = 20. A l t l  D T l  = 35.653 KGHlN3 co NCLUOEO . 
1 .0000  
.9994 

































1 . 0 0 0 0  

















































































































1 .0001  
1 .0001  











































































1 . 0 0 0 1  


































LAST POINT AT SAWQCTION BOUNDARY 
TABLE I X .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 200 K 
fll  
1 . 0 0  
l e 0 5  













l a 7 5  
1.80 


































~ 6 2 6 0  
e6052 































1 9  a4 602 
19.1906 
18 5297 












12  -5763 
12.1150 
l i e 6 6 2 6  
11.2201 
19.9730 
i 8 . 8 r 8 4  



































































































19 .0018  






lk .4824  
13.8980 
13.3314 
D T I  5C.619 K G M t M 3  
t T 2  
K 
200.00 
2 0 0 . 0 0  
199.99 
199.96 
199 .91  
199.74 
199.62 
199 .40  


























1 . 0 0 0 0  


































1 . 0 0 0 0  
l e 0 3 4 1  
1.0670 
















1 e 6398 


























































































































































LAST POINT A T  SATURATION BOUNDARY 
. 
tll 



























































.9991 . 9992 
.9993 . 9993 
,9993 
.9993 . 9994 
09994 . 9994 


































1 . 0 0 0 0  
1.0012 
1.0019 
l e  0026 
































































































1 . 0 0 0 0  












































I 00 49, 
1.00 58 
1.0067 
















i o  Oi 52 
1. oi 50 












































1 . 0 0 0 0  
~ 9 5 3 1  
.9118 
a8750 
- 8 4 2 1  
e 8 1 2 6  
.7859 
- 7 6 1 7  
- 7 3 9 6  
, 7 0 1 0  
e6684 
e6539 
- 7 1 9 5  
. 6 8 4 0  
- 6 4 0 5  
-6280 
e6164 
- 6 0 5 6  
- 5 9 5 6  
- 5 8 6 1  
.5773 
e 5 6 9 0  





e 5 2 8 6  




















- 6 5 1 3  









- 6 3 9 8  
e 6 2 9 9  
6 1  68 
, 60  37 
. 5898  
- 5 7 5 2  
a5601 
.5445 
a 5 2 8 7  
e5126  . 4965 













- 2 9 3 2  
2814 
TABLE X .  REAL-GAS NORM4L-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 250 K 












































0 2  
KGM/M3 
, 8 6 7  





1 . 0 0 1  
1.007 
1.010 





e 9 6 1  
.944 
- 9 2 5  
e905 








- 6 9 4  
- 6 7 0  
e647 
a623 
- 6 0 0  
.578 
- 5 5 6  
.535 














- 9 9 2 8  

































e 3 4 2 9  
1285 
.423n 
D l 1  = 1.367 KGM/M3 
TT2 
K 

















































































7. ? i n 9  










































0 2 / 0 1  





































































5 4 0 4  
- 5 1 9 5  
e4992 
.4795 
- 4 6 0 3  
e 4 4 1 8  
4238 





3 2 8 5  
. n . n i  
























~ 9 9 9 6  





.9994 . 9993 
*9993 





































- 4 7 9 6  
e4604 

















































TABLE X. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 250 K 
A .  P T l  = 1. A i M  O f 1  = 1.367 KGM/M3 CONCLUDED. 
1 .0000  
1.0000 
1.0000 






















1 .0000  









1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  








1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  































i . o o o a  
i . o o o a  
1 .0000  
1.0000 
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  








1 . 0 0 8 2  
l . O O O 1  
1 . 0 0 0 1  
1.0001 
1 . 0 0 0 1  
1 . 0 0 0 1  
1.0800 
1.0000 
1 .0000  
1.0000 
1 .0000  

















































~ 9 9 9 6  






















































i . 0 0 0 0  
1.0000 
1.0000 










9996 . 9995 
9995 
.9995 . 9994 . 9994 
.9994 
.9994 . 9993 
.9993 
0 9993 . 9993 
.9993 
b9992 
.9992 . 9992 










1 i 0 0 0 0  
1.0000 
























l e 0 0 0 8  
1.0008 
1.0008 
1 . 0 0 0 4  













































9 1 1  7 
a8749 
~ 8 4 2 0  
-8125 
-7858 

































P 2  
A TH 
1.5637 





























































































































1 0 3 1 4  
1.261 
1.210 

























































































P2 /P l  
1.0000 




























































































































PT2 IPT l  


















































9996 . 9995 . 9995 . 9994 
.9993 
m9992 
















9978 . 9977 
9976 
-9976 . 9975 
,9975 
OT2/DTl 




































3585 . 3435 
3290 










































TABLE X. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT f T 1  = 2 5 0  K 
























1 . 0 0 0 0  
1.0000 
I. 0000  
1 . 0 0 0 0  










1 .0000  
.9 999 
i . o o a o  
1 .0000  
1.0000 
I. 0000 





































i. a o o o  
1 . 0 0 0 0  

















1 . 0 0 0 1  
1 . 0 0 0 0  
1 . 0 0 0 0  
















9 9 9 1  





















































































l . O O l 1  
1.8000 













































































l a 0 0 2 0  1. 020 
1.0020 
















































- 8 1 2 3  
.7857 
. r u 5  
e7396 
e7194 
. 7 0 1 0  





- 6 0 5 6  
e5956 









- 5 2 3 1  
.6404 





~ 4 9 5 6  
.4882 
.4847 
- 4 8 1 3  
e4792 
. 4 9 i n  










































i . 4 5 7 7  
1.4087 
TABLE X. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN A T  iii = 250 K 







220 0 6 1  








230 e 6 9  



















237 -38  
237 53 




238 15  












































= 5. ATH 
P 1 2  
ATM 













4.. r 256 



















































249 5 3  




















P 2 / P l  











2 . 4 5 ~ 0  














































1 4 9 5 1  
































































3 . 7574 
3.8052 
3.8518 









9 4 5 1  




- 8 5 6 3  
0 8 1 3 4  







6 7 5 1  














- 3 7 4 0  
.3584 
.3434 
3 2 8 9  















































9 8 7 1  
,9795 































,3589 \. 3439 . $295 
TABLE X. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 250 K 

































































1 .0000  
1.0000 
1.0000 
1 .0000  
1.0000 
1.0000 
1 .0000  
1.0000 
1 .0000  
1.0000 































































1 .0002  
I. 0002 
1 .0001  






















































































































































































TBBLE X. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 250 K 
H i  
.1.00 











l e B 0  





































- 7 1 9 4  
-7010 
- 6 8 4 0  













- 5 4 0 5  
.5344 
,5286 
- 5 2 3 1  
. n 4 i 8  
e5179 
e5130 





e 4 8 8 1  
.4847 
~ 4 8 1 4  



























































2 2 9  78 
230 e48 
2 3 1  -12 


























0. P l l  











































= 8. A W  
PT2 










































O T l  = 10.993 KGM/H3 











































1 *-a 0 0 0 



























































































































P T Z / P T l  




9 9 2 9  
9872 










- 7 9 1 5  
7 6 8 7  
- 7 4 5 6  
7 2 2 4  
6 9 9 0  
6758 
e6526 
- 6 2 9 7  
e 6 0 7 1  
5 8 4 9  
5630 
- 5 0 1 7  












- 9 7 9 6  
1.0000 
1 .0000  






































.9933 - -  
DTP/OTl 














- 8 5 7 2  
e8362 
8145 
~ 7 9 2 2  
7694 
7464 
7 2 3 1  
6 9 9 9  
- 6 7 6 6  
e6535 






- 4 8 1 7  
4625 
.4438 


















































TdBLE X. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 250 K 
CONCLUOEO. 


































.9999 . 9999 
1.0000 
1.0001 
1 . o o o i  













































I. 0 0 0 8  


























































































































































- 9 9 3 6  
.9934 
.9933 
























































































- 8 4 1 8  
- 8 1 2 3  
,7857 
- 7 6 1 6  
.7395 
- 7 1 9 4  
e7009 
- 6 8 4 0  
- 6 5 3 9  
m6404 
, 6 2 8 0  
6 1 6 4  
.bo57 
.66n3 




















































































2 3 1  e55 
732.07 
277.54 














































8 . 2 a 3  



















= 1 0 .  ATM 
PT2 
A T Y  
lOeOR14 





































b .  n776 
3.4k02 
3.2955 









































































































































































P T Z / P T l  























6 5 3 1  




e 5 4 2 1  
- 5 2 1 2  










.40 7 a  































- 9 9 3 6  
.99 33 
9 9 3 1  








O T Z / O T I  












~ 8 5 7 6  
.E367 
-8150 























e 3 4 5 1  
m3306 








































































1 . 0 0 0 0  
1 .0000  








I . 0001 
1 . 0 0 0 1  
1 . 0 0 0 0  











































1 . 0 0 0 8  
1.0009 
I. 0010 





















































































































1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  


































.9922 . 9920 
9916 
991 7 
1 .0001  



































TABLE X. REAL-GAS NORIAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  x 250 K 
























































































11 e6 063 
12 0 4 71 
12.4204 
12.7279 


















































































































































































































P2 /P l  









































































































































































1.0000 . 9999 
.9998 

















































































































3 .00  
2.40 

























1 . 0 0 0 0  
1 . 0 0 0 0  
,9999 
1. rlooo 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
1 .0000  
1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 1  
1 .0001  
1.0001 
1.0001 
1 .0000  










































1 . 0 0 1 1  
1.0014 
1.0016 
1 .0018  
1.0019 
1.0020 
I .  0020 
1 . 0 0 2 0  
1.0019 
I. 0017  
1.0016 
1 . 0 0 1 3  
1.0010 
1 . 0 0 0 7  
1 .0004  


































































1 . 0 0 0 0  





















































































































1.01 48 48 
TABLE X .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T I  = 250 K 












































- 9 5 2 6  
.Sill 
.E746 
- 8 4 1 8  
,8123 
.7857 


















- 5 4 0 5  
0 5 3 4 4  
- 5 2 8 6  
e5231 
- 5 1 7 9  
- 5 1 3 0  
.5038 





























i n . i 5 4 9  

































































G. P T l  























































































011 = 41.851 KGM/M3 







































244 .89  
244.25 
244.11 
2U3 9 7  
P P / P l  
, .> li 

































































































































9 9 6 8  
9 9 3 1  
- 9 8 7 6  
9802 
- 9 7 0 9  
.959? 
9468 













- 6 5 7 5  
6347 




5 2  55 
e5050 







3 6 2 1  
3469 
3322 
T T P / T f t  
1.0000 
1.0000 




















e 9 8 8 0  
98'72 





- 9 8 2 4  
9 8  17 . 9 8  09 
- 9 8 0 2  
.97 95 
.97 8 9  



































5 5 1 1  
0 5 3 0 1  
m5096 
























































































1 . 0 0 0 0  
1 .0000  
















































1 .0025  
1. 0027 
1 . 8 0 2 8  





1 . 0 0 1 6  
1 . 0 0 1 2  
1 . 0 0 0 8  
,9998 
9992 
- 7 7 8 6  
- 9 3 8 1  
.9375 
- 9 9 6 9  
9963 
.9757 















9 9 8 2  
i . o a i 4  
i . o n o 3  










































1 .0001  
1.0001 





































~ . 0 1 0 4  
1 . 0 0 0 0  
1 . 0 0 0 0  



































































































































- 8 1 2 6  
.7859 





- 6 6 8 4  











- 5 4 7 1  
0 5 4 0 6  
.5344 













- 4 7 5 2  
P2 
ATM 



























a4643 . 4484 
4327 
e 4  172 





e 3 3 1 1  
















2 7 1  80 
274.28 
275 e 3 4  
276.31 
273.10 





2 ~ 0 . 6 4  
2 ~ 1 . 1 7  
282.14 



















REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN 4 1  T T l  = 300 K 
A. P T l  = I. 4 T M  
0 2  
KGM/H3 
.722 








e 8 4 1  . e37 
,83 1 
823 
, 8 1 2  




. T i 8  
.699 
.€79 
- 6 5 9  
- 6 7 9  











e 4 2 1  
.395 
,379 




P T Z  




















. 7 4 4 4  
, 7 2 1 1  
.6977 
6 7 4 4  




, 5 6 1 1  




. 4 6 0 b  
.4418 . k 2 3 8  
e4065 




3 2 9 6  
U T I  = 











































1 . 1 7 8  KGUIU3 
P2/Pl 
i ; ' oooo  
1.1196 


































' 3 .6443  
9.9856 
1 0 0 3 3 2 7  
8.3377 
8.9194 




















































































PTZ/  PT 1 

















. 7 9 0 4  
7675 
.7444 
7 2 1 1  



























1 . 0 0 0 0  
1.0000 
1 .0000  
































O T 2 / 0 T l  





























~ 5 1 9 7  
.4994 
.4797 






3 5 8 1  
3 4 3 1  
.3787 
H 1  









































T A B L Z  X I .  REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT T T I  = 300 K 
A .  P T 1  = 1. ATE1 011 = 1.138 KGi4/M3 CONCLUOEO. 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1.0 0 0 0  
1 .0000  
1 . 0 0 0 0  
1 .O 000 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
1 .0000  
1 , 0 0 0 0  
I .o 000 
.9999 
.9999 
1 . 0 0 0 0  
1 .0000  
1.0 0 0 0  
1 .0000  
1 .0000  
1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 .0001  
1 . 0 0 0 1  
1 .0001  
1 . 0 0 0 1  
1 .0001  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
I .  0 0 0 0  
1 .0000  
1 .0000  
1 . 0 0 0 0  
.9999 



















i . o n o o  
1 . 0 0 0 0  
. 1 . 0 0 0 0  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . O l ) O l  
1 . 0 0 0 1  
1 . 0 0 0 1  
l . 0 r ) O l  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
l . O Q O 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 O U l  
1 . 0 0 0 1  
1 . 0 0 0 0  
1 .0000  
1.0000 
1.l)ooo 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
1.0000 
1 .0000  







i . o o o a  
i .  o n o o  









































1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
1 .0000  
1 .0000  
1 .0000  
1 .0001  
1 . 0 0 0 1  
1 .0001  
1.0001 
1 . 0 0 0 1  
1 . 0 0 0 1  
1.0002 
1.0002 

























1 .0000  
1 . 0 0 0 0  
1 .0000  
1 .0000  
1 .0000  
1 . 0 0 0 0  
1 .0000  
1 .0000  
1 .0000  
































1 .0000  
1 .0000 
1 .0000  
1 .0000  
1.0000 






























































































































































































































































































1 e.2 72 6 














































































































































































































































































































n i  
1 00 
1.05 
1 - 1 0  
1.15 
1.20 




1 .45  
1.50 
1.55 
1 . 6 0  








2 . 1 0  
2 . 1 5  
2 . 2 0  
2 .25  







2 . 7 0  
2.75 
2 . 8 0  
7.8s 
2 . 9 0  
2.9s 
3 . 0 0  
2 . 0 5 . .  
2.65 
TABLE X I .  REAL-GAS NOPYAL-SHOCK SOLUTIONS FOR NITROGEN AT 111 = 3 0 0  K 
CONCLUDED 8 .  P T L  = 3 .  ATM D T I  = 3.416 UGHln3  
1.0000 
1 . 0 0 0 0  















1 . 0 0 0 0  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  




1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 .0002 
1.0002 
1 . 0 0 0 2  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 .0000  
.9 99n 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1.0000 




































1 . 0 0 0 0  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 2  
1 . 0 0 0 2  
1 . 0 0 0 7  
1 .0003 
1 . 0 0 0 3  
1 . 0 0 0 3  
i . a a o 3  
1 . 0 0 0 3  
1 . 0 0 0 3  
1 . 0 0 0 3  
1 . 0 0 0 3  
1 . 0 0 0 2  
1 . 0 0 0 2  
1 . 0 0 0 2  
1.0002 
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 0  
1 . 0 0 0 0  









9 9 9 6  
9 9 9 6  

















































1 .0000  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1.0001 
1 . 0 0 0 1  
1.0001 
1 .0001  
1 . 0 0 0 2  
1 .0002  
1.0003 





1 . 0 0 0 7  
1.0007 
1 .0008  
1 . 0 0 0 8  
1.0009 
1.0009 
1 . 0 0 1 0  
1 . 0 0 1 0  
1 . 0 0 1 1  
1 . 0 0 1 1  
1.0012 













1 .0000  
1 .0000  
1 . 0 0 0 0  
1 . 0 0 0 0  

















































1 .0006  




1 .0010  
1 .0011 
1.0012 
1.0013 . .. 
1.0014 
1 .0015 
1 . 0 0 1 6  

























































n 2  
1.0000 




0 8 1 2 5  
- 7 6 1 6  
- 7 3 9 6  
e7194 
e7010 
- 6 8 4 0  
- 6 6 8 4  
,6539 
0 6 4 0 5  
- 6 2 8 1  
e6164 
m6056 
- 5 9 5 6  
e 5 8 6 1  
,5773 
05690 
- 5 6 1 3  
e 5 5 4 0  
e 5 4 7 1  










0 4 6 8 2  
.ha47 
- 4 8 1 4  
- 4 7 8 2  
e4752 
.785a 












































TABLE X I .  









2 6 8  60 
270 20 











2 8 0  a 8 7  







284 .17  









282 -96  
2~6.17  
2~16.31 
REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN AT f T 1  = 300 K 
C. QTl 











































= 5. ATH 
PT2 
ATM 





























































































































































































1 . 7 7 3 1  
2 .;E62 
2.6609 


























9 8 7 1  
.9r 9 5  
.9699 
.9584 


















- 5 4 1 2  







- 4 0 7 2  
e3904 
3742 
3 5 8 6  
,3291 
.3436 

























































































































































1 .0001  
1 . 0 0 0 1  
1.0001 
1.0001 
1 . 0 0 0 1  
1.0001 
1 . 0 0 0 1  
1 . 0 0 0 0  
1.0000 




i . a o o i  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
l.OOO@ 





































r . o o p o  
1.0001 
1.0002 
1 . 0 0 0 3  
1.0903 
1.0004 











1 . 0 0 0 1  
1 . 0 0 0 1  
1. O ’ J O O  































. w n 2  



























- 9 9 8 6  
e9936 
,9967 

















































































, 9 9 9 ~  
1 . 0 0 0 0  










1 . 0 0 0 7  
1.0010 




































































2 0 9 5  
3.00 
n2 
1 . 0 0 0 0  














e 6 2 8 0  














~ 5 0 8 4  
- 5 0 3 9  
.4997 
.4957 
- 4 9 2 8  

















































TABLE X I .  










270 a 0 7  























2 8 4 . 5 ~  
284.75 
286.94 






REAL-GAS NO2MAL-SHOCK SOLUTIONS FOR NITROGEN A T  T T I  = 300 K 
0. P T l  = 8 .  4 T H  
0 2  
KGH/fl3 
5.788 



















































































0 1 1  = 












































P 2 / P l  
1.0000 




1 .-BO 4 6  
1.6561 
1.e.95 90 
































1 0  3247 




















































































PT2/PT l  
1.0000 
,9999 
- 9 9 9 0  
9967 




















- 5 6 3 2  
- 5 4 1 8  
52 1 0  
e 5 0 0 7  
,4809 
e4617 
4 4 3 1  
4 2 5 1  
- 4 0 7 7  
3909 
.3747 
3 5 9 1  
3440 




T T 2 / T T l  

















- 9 9 8 7  




























- 9 8 7 2  
9796 





























e 3919 . 3757 
- 3 6 0 1  
3450 
3306 








































3 . 0 0  
1.65 
TABLE X I .  REAL-GAS NORYAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 300 K 
0 .  P T 1  = 8. A T M  0 T l  = 9.116 KGUIM3 CONCLUOEO. 




























1 . 0 0 0 1  
1 . 0 0 0 1  
1.0001 
1 .0001  
1 . 0 0 0 1  
1.0001 
1.0001 
1 . O O O i  
1.0000 
1 .0000 




1 . 0 0 0 0  














































1 . 0 0 0 7  
1.0007 
1 . 0 0 0 7  
1 . 0 0 0 6  
1,0006 
1 . 0 0 0 5  
1.0004 
1 .0003  
1 .0002 
l . O r 1 0 1  









- 9 9 9 2  
. 9 9 9 1  
.9990 
. ¶ ¶ a 9  
.9309 
































































1 .9009  










































































































TABLE X I .  REAL-GAS NORKAL-SHOCK SOLUTIONS FOR NITROGEN AT T T l  = 300 K 
M i  
1 . 0 0  
1.05 







































































































































































E. PTl  
0 2  
K G M / M 3  












8 .256  
8 .153  
8 . 0 3 0  





7 .024  
6.828 
6 .428  
6 .226  
6.074 








4 .147  
3.987 




5 .822  
3 .025  












































































































































































D Z / D l .  



















































































l T 2 /  I T 1  
1.0000 
































a 9959 . 9958 
.9957 
a9956 . 9955 . 9953 
-9952 
D12/OTl 
1 . 0 0 0 0  
.9999 . 9989 
9967 





























































































1 . 0 0 0 0  
,9999 
.9999 
1 .0000  
1 . 0 0 0 0  
1.0000 
1 . 0 0 0 0  
.9 999 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1.0000 
1.0001 
1 .0001  
1 .o 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
i . o o a i  
i. o a o i  
1 . 0 0 0 1  
1 . 0 0 0 0  
1 .0000  





1 . 0 0 0 0  







































1 . 0 0 0 0  
1.01304 
1.0005 
1 . 0 0 5 7  
1 . 0 0 0 7  
1 . O O R O  
1 . 0 0 0 8  
1 . 0 0 0 8  
1 . 0 0 0 8  
1.0008 
1 . 0 0 0 8  
1 . 0 0 0 7  
1 . 0 0 0 6  
i . n o o z  
1.0005 
i . 0 0 0 4  
1 . 0 0 0 4  
1 . 0 0 0 2  
































































1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1.0002 
1.0002 
1 .0003  
1 . 0 0 0 4  
1 . 0 0 0 6  
1 .0007  
1.0009 
1 .0011  
1 .0013  
1.0015 
1.0017 


















1 . 0 0 4 5  
1 .0045  
1 .0046  46 
1.0046 
l e 0 0 4 7  
1.0048 
1.0040 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 , 0 0 0 0  






































1 . 0 0 0 0  
1.0000 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 2  
1 .0005  
1.0007 
1 .0009  
1 .0011  
1.0014 
1.0017 







1.0045 I  00 48 




















TABLE XI. REAL-GAS NORMAL-SHOCK SOLUTIONS FOR NITROGEN PT T T I  = 300 K 












































- 9 5 2 9  
- 9 1 1 4  













- 6 0 5 7  
,6539 
- 5 9 5 6  
- 5 8 6 2  
.5773 
- 5 6 9 1  
- 5 6 1 3  
.5540 
- 5 4 7 1  
- 5 4 0 5  
.5344 
- 5 2 8 6  
e5232 
e 5 1 8 0  
- 5 1 3 1  
.5084 
- 5 0 3 9  
.4997 
.4957 











































































za i  ,199 
281.31 
2 8 1  a62 
282.15 
282.39 
282 6 1  
282.01 
283.00 









F. C T l  = 2 0 .  ATM 











































P T t  
ATM 









































D T l  = 22.823 KGM/U3 
TT 2 
K 









































P Z / P l  

































































































































e 9 9 6 7  
. 9 9 3 t  




9 4 6 1  
e9313 
























a 4 1 0 0  
3932 
3 7 6 9  
3612 
3 4 6 1  
3315 
TTZ/TT l  
1.0000 
1 .0000  







9 9 9 1  
.99 8 9  
- 9 9 8 6  
.9984 
9 9 8 1  
.99 78 
.9975 
- 9 9 7 2  
, 9969 

























,9999 . , ' 















- 7 9 5 6  
e 7 7 3 1  
7503 
7272 
7 0 4 1  
6810 






- 5 2 6 6  




















































TABLE X I .  REAL-GCIS NORPAL-SHnCK SOLUTIONS FOR N I T R O G E N  AT TTl = 300 K 
F .  P T l  = ' 0 .  ATM O T I  = 22.873 K G M l f l J  CONCLUDED. 
U?  P 2 / P 1  T 2 I T 1  DZ/D1 P T Z / P T l  T T Z / T T l  D T2/ DT 1 
(--------------------------- R E L A T I V E  TO I O E A L  D I A T O U I C  GAS VALUE--------------------------) 
1 . 0 0 0 0  
. 9998  













1 . 0 0 0 0  
,9999 
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
.9999 
1 . 0 0 0 0  
1.0000 
1 . l ) O O l  
1 . ' 1 0 0 1  





1 . 0 0 0 1  
1.0001 
1 . 0 0 0 1  
1 . 0 0 0 1  
1 . 0 0 0 1  
1.0000 





1 . 0 0 0 0  


















I 9 9 7 7  
.9977  




















l . r ) O O O  
1 . 0 0 4 4  
1.0907 
1 . 0 0 1 0  
1 . 0 0 1 1  
l . r ) 0 1 3  
1.0014 
1 .0014  
1.0015 
1 . 0 0 1 4  
1 .1913  
1 . 0 0 1 2  
1 . 0 0 1 1  
1 .0009  
1. 0 0 0 7  
1.0005 
1 .0003  
1 . 0 0 0 1  
, 9 9 9 8  
9 9 7 6  
. 9 9 3 3  
- 9 9 9 1  
. 9 9 8 9  
, 9 9 8 6  
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TABLE X I .  REAL-GAS NORHbL-SHOCK SOLUTIONS F3R NITROGEN PT T T l  = 300 K 
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TABLE X I .  REAL-GAS NORHAL-SHOCK SOLUTIONS FOR NITROGEN AT f T l  = 300 K 
G. P f l  = 30. ATPI 011 = 34.258 KGMlM3 CONCLUOEO 
OT2/0T l  f T P / T T l  n 2  PZ/P l  1 2 / 1 1  D2/D l  PTZ/PTl 
(-----------’--------------- RELATIVE T O  I D E A L  D I A T O M I C  GAS VALUE--------------------------) 
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T, K 
( a )  T h e r m a l .  
F i g u r e  1 . -  I m p e r f e c t i o n s  o f  n i t r o g e n  g a s  a t  c r y o g e n i c  t e m p e r a t u r e s  ( r e f .  5 ) .  
100 150 
T, K 
200 250 ..- 
( b )  Caloric. 
F i g u r e  1. - Concluded. 
Choose pt  and Tt 
* ~ .~ _ _  ~- 2 9 Calculate stagnation propert ies  I 
I I Pt,Ht,St, e tc .  
I _ -  1 
__ - __ 
Solve entropy equation, I 
s = S(P,T) , ' f o r  P using T 
i Calculate s t a t i c  flow propert ies ,  Check s t a t i c  condi t ions (pPIT) f o r  sa tura t ion .  Yes (p,H,c ,c , a ) ,  by usinq -- _____I--_- . P & T P  N 0 I 
-* 1 7 ~ '  Solve energy equation f o r  V, - - I  )ate so lu t ions  A _- - *- 
( H  e( H t  from s teps  (5)  & ( 2 ) )  
Calculate Mach Number, M N  M~,-MI ~ O . O O O O ~ ,  f r o m  ( 3 )  
81 a from s teps  ( 7 )  8 ( 5 ) )  
f 
i ,- . 
Compute 
1 .  IsentroDic flow Darameters 
f o r  nitkogen ( p / p t ,  PIP t ,  
T/T , A/A,) 
2. I d e h  gas flow parameters 
f o r  the same M ' 
3. Relative values (Real/Ideal)  
(See t ab le  I )  
. - 
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F i g u r e  3.- P r e s s u r e  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  Mach 1 . 0 ,  























F i g u r e  4.- Pressure r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  Mach 1.0 
a t  c o n s t a n t  u n i t  R e y n o l d s  n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e .  

















F i g u r e  
50 
5 .  - P r e s s u r e  
100 
r a t i o s  f o r  
200 
i s e n t r o p i c  e x p a n s i o n s  of n i t r o g e n  
250 
t o  v a r i o u s  
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F i g u r e  6.-  P r e s s u r e  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  v a r i o u s  Mach 
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Figure  7.-  Temperature r a t i o s  f o r  i s e n t r o p i c  expansions o f  n i t r o g e n  t o  Mach 1 . 0 ,  
r e l a t i v e  t o  i d e a l  d i a tomic  va lue .  
















F i g u r e  8.-  T e m p e r a t u r e  r a t i o s  for i s e n t r o p i c  e x p a n s i o n s  of  n i t r o g e n  t o  Mach 
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F i g u r e  9.-  T e m p e r a t u r e  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  of  n i t r o g e n  t o  v a r i o u s  
Mach numbers ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e s .  h, pt = 8 atm. 
h, 
ul 
0 .2 .4  .6 1.0 1*2 1.4 1.6 1.8 
M 
F i g u r e  10.- T e m p e r a t u r e  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  v a r i o u s  
2.0 
Mach numbers  a t  s a t u r a t e d  stream t e m p e r a t u r e s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  gas  
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F i g u r e  11 . -  D e n s i t y  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  Mach 1.0,  r e l a t i v e  















F i g u r e  12.- D e n s i t y  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  Mach 
c o n s t a n t  u n i t  R e y n o l d s  n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e .  




F i g u r e  13.- D e n s i t y  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  v a r i o u s  Mach 
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F i g u r e  14.- D e n s i t y  r a t i o s  f o r  i s e n t r o p i c  e x p a n s i o n s  o f  n i t r o g e n  t o  v a r i o u s  Mach 







F i g u r e  15.- I s e n t r o p i c  s t r e a m - t u b e  
r e l a t i v e  t o  
r a t i o  f o r  
i d e a l  d i a t o m i c  
n i t r o g e n  a t  
v a l u e .  
a number o f  2.0, 











250 x lo6 
Tt, K 
F i g u r e  16 . -  I s e n t r o p i c  s t r e a m - t u b e  a r e a  r a t i o  f o r  n i t r o g e n  a t  Mach 2.0 a n d  a t  
c o n s t a n t  u n i t  R e y n o l d s  n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e .  
50 




I s e n t r o p i c  
100 
s t r e a m - t u b e  
150 
f o r  
200 
n i t r o g e n  a t  
250 
v a r i o u s  
r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e s .  pt = 8 atm. 
300 
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F i g u r e  18.- I s e n t r o p i c  s t r e a m - t u b e  a rea  r a t i o  f o r  n i t r o g e n  a t  s a t u r a t e d  stream 
2.0 
atm 
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Figure 19.- Typical pressure distribution on upper surface of airfoil at high lift 
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F i g u r e  20.- Area d i s t r i b u t i o n  o f  stream t u b e  t h a t  has  same p r e s s u r e  d i s t r i b u t i o n  
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F i g u r e  21.-  S t r e a m - t u b e  p r e s s u r e  d i s t r i b u t i o n s  f o r  n i t r o g e n  a t  v a r i o u s  s t a g n a t i o n  
p r e s s u r e s  a n d  a t  t e m p e r a t u r e s  n e a r  s a t u r a t i o n  a t  maximum l o c a l  Mach number of  2 . 0 ,  
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F i g u r e  22.-  S t r e a m - t u b e  p r e s s u r e  d i s t r i b u t i o n s  f o r  n i t r o g e n  a t  v a r i o u s  s t a g n a t i o n  
t e m p e r a t u r e s  a n d  8-atm s t a g n a t i o n  p r e s s u r e ,  r e l a t i v e  t o  i d e a l  d i a tomic  g a s  
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Figure 23.- Stream-tube pressure distributions f o r  nitrogen at combinations 
of stagnation temperature and pressure that result in f l o w  at constant 















F i g u r e  24.- 
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I s e n t r o p i c  e x p a n s i o n  c o e f f i c i e n t s  a l o n g  
a t  s t a g n a t i o n  t e m p e r a t u r e  of  130 
1.4 1.6 
i s e n t r o p e s  
K .  
t h a t  
1.8 





I s e n t r o p i c  
.6 .8 
e x p a n s i o n  
1.0 
M 
c o e f f i c i e n t s  
1.2 
a l o n g  
1.4 1.6 
i s e n t r o p e s  
1.8 
t h a t  
2.0 
a t  s t a g n a t i o n  p r e s s u r e  o f  8 atm. 
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F i g u r e  26.-  A v e r a g e  i s e n t r o p i c  e x p a n s i o n  c o e f f i c i e n t s  f o r  e x p a n s i o n s  
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( a )  P r e s s u r e  r a t i o .  
F i g u r e  27 . -  I s e n t r o p i c  flow p a r a m e t e r s  f o r  n i t r o g e n  a s  d e t e r m i n e d  by v a r i o u s  me thods ,  h, 
-I= 
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( b )  T e m p e r a t u r e  r a t i o .  
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( c )  Density ratio. 
Figure 27.- Continued. 
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( d )  Stream-tube area ratio. 
Figure 27.- Concluded. 
01 I Choose P t Y l y  Tt,l , and H1 
Ca lcu la te  upstream prop.: p1,p1yT1yHlyC1yC2yC3 
J. 
- - -  ~ 01 -Assume p2 and T2 and des ignate as p2,a PX T2,a 1 - 
! I I I 
r i .  1 
1 p2,b c a l c u l a t e d  f rom f(P2,by T2,b) - A 
7::
@[ 
Slope p2,a/p2,b c a l c u l a t e d  by va ry ing  p 2 ,a 
A 
Check 
T2,a - T2,b 
H2,a - H2,b 
D2,a - P2,b 
:onvergence t- Set: p 2,a = Repeat steps 3 t o  1 2  '2,b; T2ya= T2,b 
I 1 
S o l u t i o n  -7 complete 
F i g u r e  28.- I t e r a t i v e  p r o c e d u r e  u s e d  t o  o b t a i n  r e a l - g a s  
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Tt, 1’ 
F i g u r e  29.-  S t a t i c - p r e s s u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  gas 
a t  v a r i o u s  s t a g n a t i o n  t e m p e r a t u r e s  a n d  p r e s s u r e s ,  r e l a t i v e  t o  i d e a l  













F i g u r e  30.-  S t a t i c - p r e s s u r e  r a t i o  a c r o s s  no rma l  s h o c k s  i n  n i t r o g e n  g a s  a t  v a r i o u s  
N 
\o gas v a l u e s .  pt  8 atm. 
s t a g n a t i o n  t e m p e r a t u r e s  a n d  u p s t r e a m  Mach numbers ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  
-e 
I 
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F i g u r e  31.- T o t a l - p r e s s u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  g a s  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  p r e s s u r e s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e .  






F i g u r e  32. 
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T o t a l - p r e s s u r e  r a t i o  
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a c r o s s  n o r m a l  
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Tt, 1’ 
s h o c k s  i n  n i t r o g e n  
250 
s t a g n a t i o n  t e m p e r a t u r e s  a n d  u p s t r e a m  Mach n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  
g a s  v a l u e s .  p t  = 8 atm. 
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Tt, 1' 
F i g u r e  33.- S t a t i c - t e m p e r a t u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  gas  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  p r e s s u r e s ,  r e l a t i v e  t o  i d e a l  d i a tomic  g a s  v a l u e .  
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Tt, 1' 
F i g u r e  34.- S t a t i c - t e m p e r a t u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  g a s  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  upstream Mach n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  gas  
v a l u e s .  p t  = 8 atm. 
Tt, pnt, l' 
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F i g u r e  35.- T o t a l - t e m p e r a t u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  g a s  a t  v a r i o u s  
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F i g u r e  36.- T o t a l - t e m p e r a t u r e  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  g a s  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  u p s t r e a m  Mach n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  N 
u7 gas v a l u e s .  pt  = 8 atm. Ln 
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Tt’ 1’ 
F i g u r e  37.- S t a t i c - d e n s i t y  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  g a s  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  p r e s s u r e s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  gas  v a l u e .  










F i g u r e  38.- S t a t i c - d e n s i t y  r a t i o  a c r o s s  no rma l  s h o c k s  i n '  n i t r o g e n  gas  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  u p s t r e a m  Mach numbers ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  
gas v a l u e s .  p t  = 8 atm. 
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F i g u r e  39.- T o t a l - d e n s i t y  r a t i o  across  n o r m a l  s h o c k s  i n  n i t r o g e n  a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  p r e s s u r e s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  g a s  v a l u e .  
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F i g u r e  40.-  T o t a l - d e n s i t y  r a t i o  a c r o s s  n o r m a l  s h o c k s  i n  n i t r o g e n  gas a t  v a r i o u s  
s t a g n a t i o n  t e m p e r a t u r e s  a n d  u p s t r e a m  Mach n u m b e r s ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  
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41.-  Mach number downst ream o f  n o r m a l  s h o c k s  i n  n i t r o g e n  gas  a s  a f u n c t i o n  
300 
of  s t a g n a t i o n  t empera tu re ,  r e l a t i v e  t o  i d e a l  d i a t o m i c  gas v a l u e .  M, = 2.0.  
, 
0 .1 
F i g u r e  
.2 
42.- A rea 
. 3  .4  








t u b e .  
1.0 
xlc 
F i g u r e  43.- V a r i a t i o n  of r e l a t i v e  s t r e a m - t u b e  p r e s s u r e  d i s t r i b u t i o n  w i t h  s t a g n a t i o n  
t e m p e r a t u r e  a t  a s t a g n a t i o n  p r e s s u r e  of 8 atm. 
xlc 
lu F i g u r e  44.-  V a r i a t i o n  o f  r e l a t i v e  s t r e a m - t u b e  p r e s s u r e  d i s t r i b u t i o n  w i t h  s t a g n a t i o n  m 
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F i g u r e  45.- V a r i a t i o n  o f  r e l a t i v e  s t r e a m - t u b e  t e m p e r a t u r e  d i s t r i b u t i o n  w i t h  s t a g n a t i o n  
t e m p e r a t u r e  a t  a s t a g n a t i o n  p r e s s u r e  o f  8 atm. 
0 .1 .2 . 3  .4 .5 .6 .7 .9 LO 
XIC 
Iu F i g u r e  46.-  V a r i a t i o n  o f  r e l a t i v e  s t r e a m - t u b e  t e m p e r a t u r e  d i s t r i b u t i o n  w i t h  s t a g n a t i o n  
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